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Abstract 
Radioactive samples have been taken from two locations at the South Terras site close to 
the disused mine and analysed by powder X-ray diffraction and ICP-OES to determine their 
composition. Stability studies were carried out using acidic (sulfuric and citric) and basic 
(sodium hydroxide and sodium, potassium and ammonium bicarbonate solutions) media to 
investigate the stability of the phases and the mobility of uranium from these materials in the 
natural environment. X-ray diffraction data indicated a solid-solution existed between 
Cu(UO2)2(PO4)2.8H2O (metatorbernite) and Cu(UO2)2(AsO4)2.8H2O (metazeunerite) 
reflecting the natural abundance of phosphorus and arsenic at the site.  Stability studies 
showed that the majority of the uranium was contained in the non-exchangeable residual 
fraction of the soil at near neutral pH meaning the solubility of uranium is low and therefore 
active species are unlikely to migrate away from the mine site under standard environmental 
conditions.  
Based on the discovery of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution at South Terras, 
work was undertaken to produce a synthetic solid solution to further investigate the stability 
and structure of these novel phases. Cu(UO2)2(PO4)2-x(AsO4)x.8H2O  (x=0, 0.2, 0.4, 0.5, 0.6, 
0.8, 1.0, 1.2, 1.4, 1.5, 1.6, 1.8, 2.0) were synthesised by precipitation from solution using 
phosphoric/arsenic acid mixtures of the appropriate molar proportions. The phases were 
characterised using PXRD, ICP-OES, TGA and Raman and IR spectroscopy. Refined cell 
parameters determined by Pawley analysis, showed a linear variation in the a cell parameter 
according to Vegard’s Law which allows the composition of these phases to be determined 
from measurement of the cell parameters. Changes in the relative intensities of the ν3 
Raman absorptions at 990cm-1 for the tetrahedral phosphate species were also shown to be 
able to approximate the PO43-/AsO43- content and hence the empirical formula of the phase.  
High-resolution PXRD data were collected on five solid solution phase members (where x = 
0, 0.5, 1, 1.5 and 2). The four solid solution member phases containing phosphate (x = 0, 
0.5, 1 and 1.5) were found to crystallise in the P4/n space group. Metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) crystallised in the P4/ncc space group. Upon cooling to 
temperatures of ~110K a reversible phase transition was observed for the 
Cu(UO2)2(AsO4)2.8H2O phase to a lower symmetry orthorhombic space group, Pccn.  
 Stability studies were carried out on the synthetic samples to investigate the effect of 
acid/base on the solid solution as a function of temperature, time and concentration. 
Increasing the concentration of arsenate in the crystal structure of the Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O  was found to have  a profound influence on reactivity. In strongly basic 
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solutions and in the presence of NaHCO3, greater degradation of the crystalline structure 
and more dissolution of the material into solution is observed as the value of x increases. 
Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) and  Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O undergo an 
ion-exchange type reaction in KHCO3 and NH4HCO3 where the copper cations located in the 
interlayer spaces either exchange or undergo dissolution/reprecipitation with the ammonium 
or potassium  ions in solution to form hydrated phases of NH4(UO2)(AsO4) and K(UO2)AsO4. 
The differences in reactivity may have important implications for the stability of the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution in the environment both at South Terras and at 
other locations. The work reported here has the potential to influence the choice of 
remediation solutions employed at this or other sites. 
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Chapter 1: Introduction and Literature Review 
 
1.1 The Lo-RISE Project 
The Lo-RISE (long-lived radionuclides in the surface environment) project was funded by the 
Natural Environment Research Council (NERC), as part of the Radioisotopes and the 
Environment (RATE) research program. Increasingly, the nuclear industry is looked to as an 
alternative provider of energy, as natural resources such as oil and gas decline.  Tough new 
national and international targets introduced to legislate for the reduction of greenhouse 
emissions mean that alternative energy sources must be investigated.1 However, any 
radioactive waste material produced by industry must be safely contained for thousands of 
years.   
Radioactive material is present in the environment around us, both naturally and as a result 
of human activities, so the effect of this on human and animal health is an important 
concern; RATE was commissioned to look at these issues. The Lo-RISE project focuses on 
defining key processes – biological, chemical and physical – which determine the migration 
of radionuclides in the surface environment. The project encompasses both migration in the 
soil/solution phases and transfers to biota. Behaviour of radionuclides in the surface 
environment is important as this dictates the impact that they will have on all organisms in 
the area, including humans. There are three reasons for focusing on long-lived 
radionuclides2.  
1. Long-lived radionuclides have been released historically in waste from the nuclear 
industry.  
2. Natural long-lived radionuclides in near surface environments provide a significant 
dose to people and animals in some locations, for example Cornwall, where one of 
the Lo-RISE natural analogue sites is located.  
3. While nuclear waste is currently buried in deep repositories there is the potential for 
some radionuclides, such as uranium, to return to the surface environment over time, 
due to water ingress at the repository site. 
Field studies at four natural analogue sites will be incorporated alongside more traditional 
laboratory experiments. This should broaden understanding of selected radionuclides in the 
surface environment while reproducing, as closely as possible, conditions found in nature. 
The analogue sites used in the Lo-RISE project are shown in Figure 1.1. 
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Figure 1.1: Locations of the natural analogue sites used in the Lo-RISE project. 
 
 
1.1.1 Needle’s Eye 
Needle’s eye is located on the Solway Firth in South-West Scotland. Needle’s Eye itself is a 
natural sea arch. Near this sea arch are a number of uranium deposits (Figure 1.2). The 
cliffs at Needle’s Eye contain a source of soluble uranium in the form of leachable 
pitchblende (UO2 and U3O8). The uranium has, over thousands of years been transported 
from the cliffs to the mudflats below. The mudflats, to which the uranium is transported, are 
both estuarine and intertidal in nature and are collectively known as the Merse. Extensive 
research has been conducted both on the geology and mineralogy of the area,3, 4 as well as 
the movement of uranium from the cliffs into the mudflats.5-9 5, 6, 7, 8, 9 
The work conducted at Needle’s Eye by the Lo-RISE project will focus on aspects of 
radionuclide migration which have received less attention in past studies: uranium 
speciation, the role of organic matter in uranium transport, speciation of radium and transfer 
of uranium and radium to plant matter.2, 10 
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Figure 1.2: Needles eye. Natural sea arch (left) and uranium deposit in the cliff (right). 
 
1.1.2 The Esk Estuary (Ravenglass) 
The Ravenglass Estuary is located on the coast of Cumbria in North West England (Figure 
1.3). It encompasses the tidal reaches of the rivers Esk, Mite and Irt, covering an area of 
about 5.6km2 – 86% of which is intertidal.11 The area is located south of Sellafield, a nuclear 
fuel processing site which, by legal agreement, discharges effluent into the Irish Sea via two 
rivers – the Ehen and the Calder. Sellafield has been in operation since 1947 when it was 
selected as the original site in the UK for the development of Britain’s first atomic reactors, 
along with associated reprocessing operations.  Since the 1940’s the site at Sellafield has 
been developed and expanded.12 The radionuclides present in the effluent released from 
Sellafield have been washed into the Ravenglass estuary contaminating the sediments and 
waters found there.11, 13, 14, 15, 16, 17  Alongside the radionuclides released through agreed legal 
discharge, there have been a number of events which have seen nuclear waste leaking into 
the environment accidentally.18-22 The main focus of research conducted at the Esk Estuary 
during the Lo-RISE project will be the distribution of uranium and carbon in sediments and 
porewater and the transfer of uranium to plants.2 11, 17 
18, 19, 20, 21, 22 
  
Figure 1.3: The main channel of the Esk Estuary at Ravenglass (left). The ungrazed saltmarshes of the Estuary 
(right). 
5 
 
1.1.3 Irish Sea Basin 
As was mentioned in the previous section, the Sellafield nuclear complex is permitted to 
discharge certain radionuclides into the Irish Sea; among these is carbon-14. This 
radionuclide is of interest, as it is able to enter the ecosystem via uptake by North Sea 
biota.23-26 The focus of Lo-RISE research at the Irish Sea basin is to investigate speciation 
and distribution of carbon-14 in sediments as well as transport in water and transfers to 
biota.2 23, 24, 25, 26 
 
1.1.4 South Terras 
South Terras is the site of an abandoned uranium mine in Cornwall, South-West England. 
The waste rock (tailings) from the mining activities was left on the surface and has been 
largely untouched for around 90 years. This site is the main focus of this project and will be 
discussed in greater detail in Sections 1.8 and 1.9.  
 
1.2 The History and Toxicology of Uranium 
Uranium was discovered by a German chemist named Martin Klaproth in 1789, however its 
radioactive properties were not realised for over a century, when, in 1896 Henri Bequerel 
placed salts containing uranium on photographic plates and left them in a drawer. On 
opening the drawer, he realised that the plates were blackened despite not being exposed to 
light.27, 28 Initially the main interest in mining uranium was as a pigment in the glass and 
ceramics industry.29 However, later it was primarily mined in order to obtain radium, 
discovered by Marie and Pierre Curie in 1898.27, 30 Radium is a decay product of uranium 
and was considered a panacea to treat many illnesses in the early twentieth century.30 It was 
also used as a beauty aid and to illuminate the numerals on clocks, until the terrible health 
detriments were realised.31 However, uranium was ultimately mined for its own properties 
when its potential, both as a fuel and as a weapon, were realised. Uranium is now 
considered a global commodity with 50,572 tonnes produced in 2009, primarily in 
Kazakhstan, Canada and Australia.32 This rose to 62,368 tonnes in 2016.33 
Uranium, just like many other heavy metals, has the ability to accumulate in the body. Once 
there it can prevent the ability of the body to undergo normal processes. There is some 
evidence that uranium can interfere with kidney function by preventing the normal operation 
of the nephrons in removing toxic substances. However, the extent and severity of this 
damage is subject to some debate.34 While uranium itself can pose a chemical threat to 
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human health, its radiological impact is usually negligible due to its long half-life.27 The main 
radiological concern with uranium is the fact that it decays in the U-238 and U-235 chain to 
radon-222 and radon-219, respectively (see Section 1.3). Gaseous radon can be inhaled 
into the lungs, and from here can potentially decay to a number of short-lived radioisotopes 
including those of lead, polonium and bismuth; these are solid and therefore cannot be 
expelled so easily from the lungs, where they accumulate. Moreover when decay does occur 
the radionuclides are in close proximity to the respiratory tissues of the lungs – increasing 
the chances of cellular damage occurring.30, 35, 36 Therefore uranium deposits can produce 
high radon levels in some areas, potentially leading to an increase in health concerns. Figure 
1.4 shows the percentage of homes at or above the level of radon considered acceptable in 
the UK.  
 
 
Figure 1.4: Percentage of homes at or above the action level for radon in the UK. Note that some of the highest 
amounts are in Cornwall, where the South Terras mine is located.37 
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1.3 Nuclear chemistry of uranium 
Uranium is an actinide and the heaviest of the elements found naturally in the environment, 
with an atomic number of 92. Uranium is one of the most important natural radioactive 
elements. It consists of three main isotopes, detailed in Table 1.1.30   Uranium is the parent 
isotope in two of the natural decay chains (U-238 and U-235). It is also a daughter isotope in 
the U-238 decay chain. Figure 1.5 and Figure 1.6 show schematic representations of the 
decay chains of 235U and 238U. The decay chains are still a topic for discussion within the field 
of analytical radiochemistry, and some of the finer details are still under debate.38 However, 
it is important to have a sense of how these radioisotopes decay over thousands of years to 
stable isotopes of lead. Half-lives in the decay chains are given below the isotope in years 
(y), days (d), minutes (min), and seconds (s).   
  
Table 1.1: Uranium isotopes and their selected properties. 
 
 
 
Figure 1.5: Decay chain and modes of decay for uranium-235. Note the presence of radon-219 which is of 
radiotoxological concern. 39 
 U - 238 U – 235 U - 234 
Source  Parent isotope in the 
238U decay chain.  
Parent isotope in the 
235U decay chain.  
Decay product in the 
238U decay chain.  
Abundance  99.2745%  0.72%  0.0055%  
Half-life  4.468x109 y  7.1x10-8 y  4.455x10-5 y  
Decay mode  α  α  α  
Decay product  234Th  231Th  230Th  
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Figure 1.6: Decay chain and modes of decay for uranium-238, the most common uranium isotope. Note the 
presence of radon-222 which is of radiotoxological concern.39 
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1.4 Environmental transport of radionuclides 
The release of radioactive elements and their subsequent transportation in the environment 
is of great concern. The expansion of the nuclear fuel industry, the use of nuclear weapons 
and widely publicised nuclear accidents such as Chernobyl and Fukushima have contributed 
to public anxiety.39,  40  Alongside the more dramatic examples of radionuclide release, the 
use of depleted uranium (DU) munitions, mining and milling (especially of uranium ores), and 
depositions of naturally occurring radioactive material (NORM), can also provide a mobile 
source of radioactive material. It is important to understand the behaviour of radionuclides 
within the environment both to allay this anxiety and to enable proactive intervention when 
there is a radiological hazard present.41 Figure 1.7 gives an overview of the key processes 
and pathways of radionuclide migration. 
 
 
Figure 1.7: Summary of pathways for radiocnuclide migration in the environment (adapted from Renshaw et al41). 
 
The movement of water is of key importance when considering mobility of any radionuclides 
present in the environment. There are two main processes involved: advection and diffusion.  
Advection describes the movement of particles in the bulk flow, whereas diffusion describes 
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movement from a higher to a lower concentration.  In situations where the flow of 
groundwater is high then advection can be considered the most important process. At lower 
flow rates other parameters such as diffusion processes become increasingly important.41, 42, 
43 These are linked together by the transport equation (Equation 1.1)44, where solute 
transport can be described by three terms; diffusion (D∇2C), advection (∇.(μc))  and R, 
describing the solute which enters or leaves the system via chemical reactions,45 where c is 
the concentration of the solute, t is the time over which transport occurs, D is the diffusion 
coefficient and μ is the mean flow of velocity. R can be positive or negative depending on 
whether it relates to a sink or a source of the solute in question. Factors affecting the third 
term of this equation are discussed in more detail in Section 1.5 
𝝏𝒄
𝝏𝒕
=   𝑫𝜵𝟐𝒄 −  𝜵. (𝝁𝒄) + 𝑹 
Equation 1.1 
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1.5 Environmental chemistry of uranium 
Chemical speciation of uranium phases is key in determining its solubility and therefore its 
mobility within the environment. The speciation of uranium is determined by a number of 
interlinked factors and these are summarised in Figure 1.8. 
 
 
Figure 1.8: Summary of factors affecting chemical speciation of uranium in the environment (adapted from 
Renshaw et al.41).  
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1.5.1 Redox potential (Eh) and pH 
The pH and Eh of groundwater will have a key role in determining the speciation of 
radionuclides and whether or not they are soluble.46-5046, 47, 48, 49, 50 Uranium can be found in nature in 
oxidation states from +III to +VI. However, the most stable and therefore by far the most 
common of these states are +IV and +VI.51 U(IV) is the more insoluble of these states and its 
ions tend to precipitate out of solution. By contrast U(VI) is much more soluble and can form 
complexes in solution, usually in the form of the uranyl species UO22+(see Section 1.5.2).30, 52 
It is the stability and solubility of these aqueous U(VI) complexes which mean it can migrate 
for large distances in the natural environment.31 Fresh surface water is usually oxidising and 
around pH neutral.41 53 These are the conditions found at South Terras and under these 
conditions uranium is usually in its more soluble U(VI) form. An Eh-pH diagram of uranium is 
shown in Figure 1.9. This shows the speciation of uranium (at room temperature and in the 
absence of carbonate) at different conditions of pH and Eh.54  
 
Figure 1.9: Eh-pH diagram of uranium in 10-10 M solution (in the absence of carbonate) at 298 K and 105 Pa.54 
This diagram shows which uranium ion or complex dominates at given conditions of pH and Eh. 
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1.5.2 Complexation  
U(VI) is the most commonly found oxidation state of uranium in the surface environment, 
and usually forms complexes in solution. The majority of these complexes contain UO22+ 
(uranyl) ions,51 although there are a few exceptions, for example the halides: UF6, UCl6 and 
UOF4. The uranyl complexes are derivatives of the UO22+ ion, which all feature a trans-UO2 
group, with uranium forming double bonds to two oxygen atoms, 1.7-1.9 Å in length.52 
Around this central uranyl ion are some four to six (rarely three) donor atoms (Figure 1.10). 
The lengths of the equatorial U – O bonds vary according to the number of donor atoms; 
Burns et al reported bond distances of 2.28, 2.37 and 2.47 Å for U – O bonds with 4, 5 and 6 
donor atoms, respectively. The geometry of the uranyl complex is dependent on the number 
of donor atoms. Those with four donor atoms form a square bipyramid, five donor atoms a 
pentagonal bipyramid and six donor atoms a hexagonal bipyramid.55-5755, 56, 57 
 
 
 
 
Figure 1.10: Uranyl complexes – the yellow spheres represent uranium and the red spheres oxygen. The UO22+ 
ion is surrounded by blue donor atoms to form a square bipyramid (top), pentagonal bipyramid (bottom left) and 
hexagonal bipyramid (bottom right). 
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Uranium is capable of forming complexes with a number of different inorganic ligands, and 
the complexes it forms have a significant effect on the migration of uranium. For uranium the 
strength of the inorganic ligand complexation decreases in the following order30, 41: 
CO32-, OH-  > HPO42-, F-, SO42- > NO3-, Cl- 
One of the ligands most likely to be of significant importance when considering the 
speciation of uranium is carbonate.58, 59 In the pH neutral, oxidising conditions of the 
aqueous environments present at the Lo-RISE natural analogue sites the uranyl-carbonate 
complexes will be likely to be the dominant species in solution (Figure 1.11).  
 
 
Figure 1.11: Calculated uranium speciation, c(U) = 1000 µg/L, total inorganic carbon = 48 mg/L, using the 
MINEQL© software.60 
 
Hydroxy and carbonyl complexes are likely to dominate the complexation of uranium under 
reducing and oxidising conditions, respectively. However, other anions will also form 
complexes with uranium if they are present at a high concentration. For instance, phosphate 
is known to complex with uranium and this usually reduces its solubility. Sulfate will also 
complex with uranium and is often used to extract it from its ore (see Section 1.6).61, 62 
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1.5.3 Colloidal transport 
Colloids are loosely defined as particles of 1 – 1000nm in size with a large surface to volume 
ratio. They can be organic, inorganic or microbiological in nature.63-67 ,64,65,66,67 They are capable of 
acting as sorbents to particulates, such as uranyl ions and uranyl complexes, in aqueous 
media and are sufficiently small to move through pores and fractures in the surface 
environment. Organic colloids may be natural in origin, (such as humic and fulvic acid) or 
anthropological (NTA (nitrilotriacetic acid) and EDTA (ethylenediaminetetraacetic acid)).41, 42, 
68, 69, 70, 71 The stability of colloids in solution is dependent on the balance between the 
attractive Van der Waals forces and repulsive electrostatic forces. If these forces are 
balanced, then colloids can be extremely stable. However, the interaction between 
radionuclides and colloids cannot be considered a simple binary one; it has also been 
observed that colloids are themselves capable of binding to the mineral interface and this 
would result in the retardation of the colloid and any radionuclide bound to it.64, 72, 73, 74, 75, 76 
Therefore, a colloidal system must be considered a ternary system and the interplay 
between radionuclide, colloid and mineral surface must all be considered (see Figure 1.12). 
 
 
Figure 1.12: Interactions between radionuclides (M), colloids (C) and mineral surface. This is a ternary system 
and interactions between all three components must be considered alongside binary interactions.77 
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1.5.4 Dissolution and precipitation 
The dissolution of a uranium ore may result in more mobile radionuclides present within 
groundwater in the environment. Conversely, if the solution in which the radionuclides are 
suspended becomes saturated then they can precipitate out, leading to their removal from 
solution. Precipitation can result in the sedimentation of the radionuclides which are then 
compacted and can ultimately form secondary minerals.78-80 The formation of secondary 
minerals can occur within a natural deposit of uranium 81-85 or as a result of waste material 
left behind after mining operations have ceased.86 87 The process of precipitation can be 
accompanied by co-precipitation. This occurs when a radionuclide has not itself exceeded its 
solubility product but, due to the precipitation of other species, it is carried down into the 
sediment and also immobilised.88-90 
78, 79, 80 81, 82, 83, 84, 85 86 87 88 89 90 
1.5.5 Sorption and Desorption 
The processes of advection and diffusion are opposed by a number of retardation processes 
collectively known as sorption. These retardation/sorption processes can be both chemical 
and physical in character and are summarised below.76, 91, 92  
Diffusion: Dissolved species can be carried or diffuse into dead end pores or fissures. 
Size Inclusion/Exclusion: Smaller radionuclide species may enter molecular size pores 
where larger species are excluded.  
Ion Inclusion/Exclusion:  Mineral surfaces generally carry net negative charges; accordingly, 
negatively charged species might be unable to penetrate some pores due to electrostatic 
repulsion.   
Ion-Exchange: The cation exchange capacity (CEC) of minerals is the ability of a surface to 
exchange ions with the surface water and varies considerably in different minerals. These 
reactions are usually fast, reversible and stoichiometric (in terms of charge). 
Physical Adsorption: Physical adsorption is due to Van der Waal's forces of attraction at 
surfaces. These interactions are outer-sphere in character (Figure 1.13) as they involve the 
electrostatic interaction of water molecules with the radionuclide and the mineral surface. 
They are relatively weak and usually reversible.  
Chemisorption/Mineralisation: The processes of chemisorption involves the formation of a 
complex whereby the radionuclide species forms a covalent bond directly with the surface of 
the host rock (inner sphere complex formation – see Figure 1.13). These reactions are 
usually stronger than physical adsorption and often irreversible. The sorbed radionuclides 
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may then become incorporated in the matrix of the host rock; a process known as 
mineralisation. 
Opposing sorption is desorption, a process whereby a solute is released from the surface of 
a mineral. Desorption may result from changes in solution chemistry, for example, a 
fluctuation in Eh and pH or a change in ionic strength. Alternatively, thermal desorption relies 
on an increase in temperature to increase the volatility of the sorbed minerals and promote 
desorption into solution. 
 
Figure 1.13: Formation of inner-sphere complexes in which the cation binds directly to the mineral surface and 
outer sphere complexes, where water molecules are involved in the bonding of the cation to the mineral surface.  
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1.6 Mining and milling of uranium 
The most important ore of uranium is uraninite (pitchblende), which is a mixed valence oxide 
composed mainly of UO2, but also containing variable amounts of U3O8.  The processes of 
mining uranium can be broadly split into three types: underground mining, open-cast mining 
and in-situ leaching techniques. The choice of mining method will be determined by 
economic and safety factors, as well as by the type and depth of the ore. If the uranium is 
120 m or more below the surface, then underground excavating techniques will usually be 
deployed. If the uranium is close to the surface, then open-cast mining will be used.27 In-situ 
leaching techniques have been used in more recent times and involve the use of oxygenated 
water which is pumped into the porous rock to dissolve and extract the uranium.27, 30  
Milling is the process of removing the uranium from the bulk rock and is usually done in a 
number of steps. Firstly, the rock is crushed and ground to increase surface area. Lighter 
rock can then be separated from the uranium-containing ore by floatation. The crushed ore 
is roasted, to oxidise the uranium to its more soluble U(VI) form. Following this it is leached 
from the ore, typically using sulfuric acid or sodium carbonate, as shown in Equations 1.2 
and 1.3 below.93, 94 An oxidising agent, such as manganese oxide (MnO2) or sodium chlorate 
(NaClO3) may be added to encourage the oxidation of U(IV) to U(VI).30  
𝑼𝑶𝟑 (𝒔) +  𝟑𝑯𝟐𝑺𝑶𝟒 (𝒂𝒒)  →   𝑯𝟒𝑼𝑶𝟐(𝑺𝑶𝟒)𝟑 (𝒂𝒒)  +  𝑯𝟐𝑶 (𝒍) 
Equation 1.2 
 
𝑼𝑶𝟑 (𝒔) +  𝟑𝑵𝒂𝟐𝑪𝑶𝟑 (𝒂𝒒) + 𝑯𝟐𝑶 (𝒍)   →   𝑵𝒂𝟒𝑼𝑶𝟐(𝑪𝑶𝟑)𝟑 (𝒂𝒒)  +  𝟐𝑵𝒂𝑶𝑯 (𝒂𝒒) 
Equation 1.3 
Next the leachate is filtered, before purification by solvent exchange or ion exchange. The 
uranium is then precipitated from the leachate, most commonly with ammonia, which causes 
the uranium to precipitate as ammonium diuranate (NH4)2U2O7. Upon drying and roasting of 
the ammonium diuranate, a crude product known as yellowcake is formed. Yellowcake 
consists of U3O8 along with smaller amounts of UO2 and UO3. The yellowcake is the final 
product which is then marketed and exported. 27, 30, 94 
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1.7 Remediation of contaminated soil 
Much research has gone into investigating the fate of uranium once it is released into the 
environment.95-101 Uranium is toxic (see section 1.2), and this, combined with its longevity 
and ability to enter the food chain, means that it is necessary to consider the remediation of 
contaminated land. There are a number of sources of uranium contamination,102-104 these 
include: 95, 96, 97, 98, 99, 100, 101 102, 103, 104 
• Mining and milling sites  
• Uranium enrichment and reprocessing plants 
• Nuclear power facilities 
• Contamination from depleted uranium 
• Nuclear weapons test sites 
• Nuclear accidents  
• The oil and gas industry 
• Naturally occurring radioactive material (NORM). 
The strategy chosen to remediate an area will depend on a number of factors: cost, clean-up 
target, purpose of the site, geology of the site, validation of the clean-up method, health and 
safety considerations, regulatory and public acceptance and the nature of the contamination. 
Broadly speaking there are four ways in which contaminated land can be treated: monitored 
non-intervention, removal/minimisation, immobilization or containment; these strategies are 
discussed in the sections below.105-107 105, 106, 107 
1.7.1 Monitored non-intervention 
Monitored non-intervention may be employed in areas where the level of contamination is 
relatively small or where natural groundwater flow will dilute the contamination over an 
acceptable distance and timescale. Natural attenuation process can be incorporated into this 
strategy and include precipitation, sorption or incorporation into organic material.108-113 108, 109, 
110, 111, 112, 113 
1.7.2 Removal/minimisation 
One of the most common techniques for removal of contaminated waste is detector-based 
separation. A detector is used to monitor the soil and contaminated areas are removed for 
disposal at a dedicated facility. These systems can be simple (i.e. samples removed and 
monitored by hand) or more complex (for example involving conveyor belts and segregation 
gates).105 Soil washing is a technique which is also commonly used and can separate soil 
based on chemical or physical characteristics. Physical separation separates contaminated 
20 
 
soil because of a difference in its size, density, surface chemistry (froth floatation) or 
electromagnetic properties.105, 106 
Chemical separation involves solubilising the uranium into an aqueous phase. The aqueous 
phase can then be separated from the soil and the contaminants removed using 
precipitation, adsorption or ion exchange.114-120 Historically H2SO4 and occasionally HNO3 
have been used to extract uranium during the mining and milling processes (see Section 
1.6).27, 97, 119, 121 However, these chemicals are extremely corrosive, and work has been done 
to try and find reagents which are less damaging. Carbonate or bicarbonate based reagents, 
such as sodium carbonate or sodium bicarbonate, have been commonly used and have a 
number of advantages; they are more successful than acid leaching in certain soils and are 
less damaging for the environment and often more selective for uranium.116, 118, 122, 123, 124, 125, 
126 Again, an interesting addition to this is the potential to use bacteria to aid in the process. 
Philips et al127 proposed that U(VI)-reducing bacteria could be used after the remediation 
process to initiate the precipitation of uraninite. The uraninite could either be disposed of or 
potentially processed for recycling.128,129  
Electroremediation is a technique which has shown some success in the laboratory. This 
involves exploiting the charged nature of the radiocontaminants. Electrodes are inserted into 
the soil and a direct current is applied, causing the contaminants to migrate towards the 
electrodes.102 Phytoremediation is another technique which is known to be appropriate in 
some circumstances.  Some plant species are capable of the uptake of uranium from the 
soil. Once sequestered in the plant, they can be cut down and the contaminated vegetation 
removed for disposal.107,130  
114, 115, 116, 117, 118, 119, 120, 121 116, 118, 122, 123, 124, 125, 126 127 128 129, 130,  
1.7.3 Immobilisation 
These techniques involve fixing the contaminants in a non-mobile phase, and there are 
different methods of achieving this. The first involves incorporating the uranium into natural 
rock, by injecting necessary components into a contaminated area.131, 132 For example, in the 
Hanford site (a large nuclear production and reprocessing site) phosphate and sodium were 
injected into the site, with the aim of precipitating Na(UO2)(PO4).3H2O.132 Another method of 
immobilisation is to encase the contaminated soil in with a chemical binding agent such as 
cement.134-136 133, 134, 135 An alternative form of immobilisation is vitrification; here the soil is heated 
until it melts. Upon cooling the melted mixture (including the contamination) will form a 
glassy matrix.105, 136 
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1.7.4 Containment  
Containment measures are used to control the migration of radioactive materials away from 
the selected site. Due to the long half-lives of radionuclides, such as uranium, the site must 
be monitored over long time-frames. Several containment strategies are known. Capping or 
cover systems involve placing a barrier (or barriers) over the contaminated soil to prevent 
infiltration of surface water and further migration of contaminants away from the site. Barriers 
can also be used vertically and horizontally below the contamination to prevent lateral and 
vertical migration respectively.105, 106  Hydraulic control measures may be used in isolation or 
alongside other containment strategies. This involves adjusting the flow of groundwater 
away from the site of contamination in order to limit further migration.137 
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1.8 The History and Geology of South Terras 
South Terras mine is located in Cornwall, close to St Stephen (NGR SW933525) and is 
shown in the map below (Figure 1.14). The site lies adjacent to the River Fal and is bordered 
to the North by a small tributary stream. The closure of the mine in 193029 resulted in the 
abandonment of the site which has subsequently become overgrown and derelict, as can be 
observed in Figure 1.15. The mine is located on the Southern edge of the St Austell granite; 
this is an area of intrusive igneous rock around which areas of metamorphic mineralisation 
are found, these include a number of uranium lodes.138 The mineralisation of the area is 
described in detail by Dines.139 There are three known mineral lodes in the South Terras 
area: tin, iron and uranium. Each of these minerals have been exploited to varying extents 
during the history of mining operations in the area. Very little is known about the tin lode, or 
the extent to which it was worked. The iron lode consists primarily of weathered ochre 
(Fe2O3) at the surface and magnetite (Fe3O4) below the surface. Arsenates have also been 
reported as being associated with the iron lode.138, 139 The uranium lode consists of the 
primary mineral pitchblende, with secondary minerals torbernite (Cu(UO2)2(PO4)2.nH2O), 
autunite (Ca(UO2)2(PO4)2.nH2O) and zippeite (K3(UO2)4(SO4)2O3(OH).3H2O) found near the 
surface (<30m).139, 140, 141 
 
 
Figure 1.14: Site of South Terras mine, to the south-west of St Stephen – marked by a red circle. 
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Figure 1.15: Old chimney and mine buildings at South Terras – abandoned and overgrown – July 2015. 
 
The South Terras mine was in operation from approximately 1870 to 1930 and during this 
time iron, uranium and radium were all mined or processed in the area. Iron was the first 
deposit to be commercially exploited, and during the 1870s mining was carried out firstly by 
opencast, and later, by underground operations. The output of the mine was extremely 
modest, with an annual tonnage reported of, at most, a few a few hundred tons.29 
Uraninite (then known as pitchblende) was discovered at the mine in the 1880s. The 
discovery of uranium resulted in a transfer of operations, over a period of 15-20 years, 
towards the mining of this mineral, rather than iron.29 Until 1910 some 736 tons of uranium 
were mined out of South Terras.139 Gradually production at the site wound down due to lack 
of capital available to build a chemical extraction plant.29 It may have been closed entirely, 
but for the discovery in the late 19th Century of radium – a daughter isotope of uranium. This 
valuable new commodity was considered highly fashionable and used for a number of 
commercial items (see Section 1.2).142 Therefore, the operations at the mine were stepped 
up and geared towards the recovery of uranium from the waste piles (spoil heaps) from 
previous mining operations. The material was then sent to France where the radium was 
extracted.139 Production was halted in 1914, due to the outbreak of the First World War. On 
resumption of mining after the war, a new extraction plant was installed at the site in 1922. 
The extraction of radium continued at the site until 1930 when lack of capital and a dispute 
with the landowners forced the mine to close for the final time. 29, 138, 139 
Amongst the detritus left at the site were spoil heaps containing pitchblende and other 
uranium-containing secondary minerals. As there was no legislation at the time to dictate the 
24 
 
decontamination and decommissioning of the land, the spoil heaps were left, with no attempt 
to remediate the site, or otherwise mark it out as potentially hazardous. A major concern is 
that uranium minerals left on site within the spoil heaps could be leached from the spoil by 
rainwater. From here they could  percolate into the alluvial sediments, and into the River Fal 
and a tributary stream which run through the site. This process may have resulted in the 
contamination of the river water by uranium and other radioactive daughter isotopes. 
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1.9 Previous research at South Terras 
The abandoned South Terras mine has been declared a Site of Special Scientific Interest 
(SSSI). The high levels of radioactivity at the site, combined with the fact it has been 
relatively undisturbed for around ninety years, mean that it is a useful analogue to predict 
how radionuclides may migrate in the natural environment. Therefore, it has been subject to 
the interest of researchers since the 1950s. 
 
1.9.1 Mechanism of retardation of uranium 
As part of an ongoing investigation by BGS into natural analogue sites in Britain, South 
Terras mine was studied in the late 1980’s and early 1990’s.138, 143, 144 The research focused 
on the movement of uranium from the spoil heaps towards the tributary stream which 
drained into the river Fal. The authors concluded that although uranium was leached from 
the spoil heaps it appeared to migrate into the alluvial sediments, where it was retarded. The 
report speculated that the uranium was sorbed onto an inorganic surface and formed a 
dominant UO2(HPO4)22- complex with secondary carbonate complexes also present.138, 143 A 
more recent paper by Corkhill et al145, in work conducted concurrently with this thesis, 
argued that the uranium was retarded in the spoil heaps by formation of a secondary 
metatorbernite (Cu(UO2)2(PO4)2.8H2O) – metazeunerite (Cu(UO2)2(AsO4)2.8H2O) solid 
solution.  
 
1.9.2 Uranium contamination of water at South Terras and surrounding areas 
Other research at the site has focused on analysing the content of uranium in water samples 
obtained from around the mine. Unsworth et al146, 147 analysed water samples taken from 
locations upstream and downstream of an adit (horizontal drainage ditch), shown in Figure 
1.16. The results showed that north (upstream) of the drainage ditch, adjacent to the mine 
spoil, uranium was present at a level of 3.7x 10-4 ppm. Downstream of the adit the amount of 
uranium found in the water was 7.62x10-3 ppm.146, 147 This indicates that very little uranium is 
being leached from the spoil into the stream. For comparison, the World Health Organisation 
(WHO) recommends an upper limit of 3x10-2 ppm uranium for drinking water.148 Different 
authors investigated uranium concentrations in water and sediment collected from the river 
Fal and surrounding areas. These reports concluded that any contaminants from the mine 
that do leach into the river are quickly lost from solution and provided no significant 
contamination beyond 0.5 km of the mine buildings.149, 150, 151 While this is positive in some 
ways, meaning that the contamination has remained in a relatively small area, it does raise 
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other questions. For instance, while the uranium seems stable on site for the time being, 
could a change in environmental conditions alter this, leading to more widespread 
contamination and a greater hazard for those living in the area.  
 
Figure 1.16: Closer view of mine location. The adit used in the work by Unsworth et al146 147 can be observed in 
the bottom centre of the figure. 
 
1.9.3 Biological factors affecting migration 
Other researchers have focused on the impact of biological factors at the South Terras Site. 
Lichens have been discovered at South Terras growing directly on the mine spoil.152 These 
lichens (species, trapelia involute) have been observed to grow on radiologically active rocks 
and concentrate uranium within its tissues. This mechanism has been considered as a 
possible method of remediation.152 However, in-situ, these lichens may help destabilise 
secondary uranium minerals in the mine spoil, which in turn could increase the mobility of 
uranium and other toxic metals by dissolution.153, 154 While the presence of the lichens and 
their ability to accumulate uranium has been observed, there is no indication that they are a 
major source of uranium to the surrounding environment and river Fal. A more recent study 
highlighted the importance of bioaccumulation of uranium, thorium and radium in plants 
associated with arbuscular mycorrhizal-associated plants. The authors conclude that in the 
environment of South Terras fungi may be aiding the transfer and accumulation of uranium 
into plants found at the site.10 
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1.9.4 Radiological impact of South Terras 
The legacy of mining in the South Terras area has led to a large amount of radioactive 
material present either on the surface or accessible via old mine works. Radon 
concentrations in abandoned mine locations in South-West England, are some of the highest 
recorded in Europe.36, 155 This poses a clear health hazard to anyone visiting the area, and 
especially to mine explorers, archaeologists and mineralogists who may venture close to, or 
into the mine workings themselves. One study showed that a dosimeter left in the South 
Terras mine for one hour recorded a dose level of 18 mSv. This means that in one hour at 
this site, a member of the public would receive a dose 18 times greater than that 
recommended as the annual limit by the Ionising Radiations Regulations 1999 (IRR 99).36 
An aerial study of absorbed dose in selected areas of the UK found that the South Terras 
mine gave the largest reading observed – 5.79 x 10-7 Sievert.35  Another aerial survey was 
conducted specifically over the South Terras area by Martin et al.156 This survey highlighted 
areas of more intense radioactivity as shown in Figure 1.17. The areas of high activity were 
associated with specific areas of the mine; (i) corresponds to the location of the processing 
floors, (ii) is associated with legacy buildings and the old chimney (iii) is associated with a 
spoil heap at the entrance of the site.156 Foulkes et al used South Terras as an analogue site 
to assess the health risk posed by radionuclides at abandoned mines. The authors 
concluded that due to the high bioaccessibility of many of the radionuclides, it was possible 
for them to enter the human gastro-intestinal tract and give an internal dose. They further 
stated that it may be advisable to seal off such areas to the public and treat any plans for 
redevelopment with caution.157 
 
Figure 1.17: Radiological map of the South Terras area at a height of 5-15 m (a) the central area indicates three 
hotspot areas; i: processing floors, ii: old chimney, iii: spoil heap (b).156 
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1.10 Structure and Properties of Autunite and Meta-autunite minerals 
(A(UO2)2(XO4)2.nH2O) 
 
Minerals containing the autunite and meta-autunite are some of the most widespread and 
abundant secondary uranium minerals known.158, 159 They have the ideal formula of 
Ax+(UO2)2(XO4)2·nH2O, where A is a monovalent, divalent or trivalent cation and n is in the 
region of 10-16 for the autunite group and 6-8 for the meta-autunite group. They were first 
described by Born in 1772160, 161, and are some of the earliest described uranium minerals. 
The defining feature of the autunite and meta-autunite groups is the autunite-type sheet. 
This has the formula [(UO2)2(XO4)2]2- where X can be arsenic, phosphorus or occasionally 
vanadium, see Figure 1.18.162   Cross-substitution of phosphorus and arsenic can occur.163 A 
limited amount work has been carried out on synthesising and characterising such solid 
solutions.165-168 However, there is very little reported about the stability of these solid 
solutions under natural conditions. 164, 165, 166, 167 
The autunite sheets are stacked along the c axis and the interlayer region contains different 
cations and varying numbers of water molecules – see Figure 1.19. The layered nature of 
the autunite type structure is likely to be the reason for the different compositions that 
crystallise with this structure type, as it has the ability to accommodate different cations with 
different valences in the interlayer region. Most autunite-type phases crystallise in the 
tetragonal system, however, phases crystallising in the orthorhombic, monoclinic and triclinic 
systems have also been reported.168 Further complexities arise as some autunite minerals 
are known to change space group as a function of temperature.169-172 169, 170, 171, 172 
It has been reported that the interlayer region can undergo ion-exchange and the hydration 
state is variable, which has complicated the characterisation and assignment of space 
groups for this mineral group.168, 173, 174, 175 While some members of the autunite group, such 
as chernikovite (the hydronium autunite analogue – H3O(UO2)(PO4).3H2O) and 
metatorbernite (Cu(UO2)2(PO4)2.8H2O) can be formed directly through precipitation reactions 
others  are usually formed by an ion-exchange type reaction, whereby one inter-layer cation 
is exchanged for another which is at a higher concentration. For example; autunite 
(Ca(UO2)2(PO4)2.8H2O) forms when Na(UO2)(PO4).3H2O  is placed in a solution with a high 
concentration of Ca2+ ions.176, 177 The reaction proceeds according to Equation 1.4.  
2𝑁𝑎(𝑈𝑂2)(𝑃𝑂4). 3𝐻2𝑂 (𝑠) +  2𝐻2𝑂 (𝑙) + 𝐶𝑎
2+(𝑎𝑞) = 𝐶𝑎(𝑈𝑂2)2(𝑃𝑂4)2. 8𝐻2𝑂 + 2𝑁𝑎
+  
Equation 1.4 
One of the results of the mobility of the ions in the interlayer space is that the 
H3O(UO2)(PO4).3H2O and H3O(UO2)(AsO4).3H2O species are able to conduct protons.178-180 
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Due to this property limited research was carried out with a view to investigating if these 
materials would be suitable for inclusion in solid-state batteries.171 .178, 179, 180 
There are a number of characterisation techniques used to analyse the structure and 
composition of autunite-type minerals. Powder X-ray diffraction (PXRD), using both 
laboratory and synchrotron radiation has been extensively used in order to determine  the 
cell parameters, space groups and in some cases, the atomic positions, of these 
minerals.174, 181, 182, 183 Neutron diffraction has also been used to investigate the structure of 
these minerals, but it has been less widely used than X-ray diffraction.172, 184 Other 
techniques such as Raman and Infrared (IR) spectroscopy have been used to characterise 
autunite and meta-autunite type minerals, to give information about functional groups in a 
compound.185-191 ,186,187,188,189,190,191 A more recent development is the use of Time-Resolved 
Photoluminescence Spectroscopy (TRPL) for the identification of low amounts uranium 
phosphates in the solid state.192  This technique uses laser pulses to induce excited states in 
the sample. The rate at which the sample reverts to the ground state can give information 
about its oxidation state and coordination chemistry. So far, this technique has been used 
only for fingerprinting relatively pure natural and synthetic uranyl phosphates, but it could 
potentially be applied to multi-phase systems in the future.  Autunite and meta-autunite 
minerals can have a number of different hydration states, depending both on temperature 
and how they are formed (naturally or synthetically). Investigations of the dehydration 
pathway of various autunite-type minerals have been investigated using combinations of 
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), IR  and Raman 
spectroscopy and XRD.193-198 193, 194, 195, 196, 197, 198 
Autunite and meta-autunite minerals are known to be some of the most stable uranium 
minerals at circa-neutral pH. In many environments they are believed to be the long-term 
controlling phase of uranium (this is discussed in more detail in Section 1.12). Their stability 
at circa-neutral pH has resulted in further research conducted at more extreme pH to 
investigate whether the stability is retained.199-204199, 200, 201, 202, 203, 204 The results of this research showed that 
autunite and meta-autunite groups are vulnerable to dissolution under both  strongly acidic 
(pH 2.5-3) and  weakly basic (8-10) conditions. It was previously mentioned in Section 1.7 
that uranium minerals can be remediated with the use of bicarbonate solutions (such as 
sodium bicarbonate) and autunite and meta-autunite groups are no exception.124 
Bicarbonate solutions promote the dissolution of the autunite-type minerals through the 
formation of uranyl carbonate ions. Some authors have investigated the addition of bacteria 
along with bicarbonate solutions. Sepulveda-Medina et al205 and Katsenovich et al206 found 
that a combination of bicarbonate and arthrobacter oxydans released uranium more quickly 
than either in isolation. Smeaton et al207 found that bacteria alone, without bicarbonate was 
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capable of causing the dissolution of meta-autunite. They added shewanella putreficans to 
meta-autunite, and found that in the absence of phosphate, the bacterial cells would break 
down the mineral in order to meet their cellular needs and in turn, liberate uranium into 
solution.  
 
Figure 1.18: The autunite sheet – ab projection. The yellow square bipryramids are the UO6 groups and the red 
polyhedra are the XO4 groups.The unit cell is marked. 
 
Figure 1.19: A meta-autunite type structure – ac projection. The yellow square bipryramids are the UO6 groups 
and the red polyhedra are the XO4 groups. The purple spheres represent cations and the blue spheres are 
oxygen atoms of water molecules. The unit cell is shown. 
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1.10.1 Autunite and meta-autunite structures containing monovalent Cations 208, 209, 210, 211, 212, 213 
A number of authors have carried out studies into the synthesis and properties of  autunite 
minerals containing monovalent cations.183, 184, 208-213 Locock et al214 produced a 
comprehensive review of monovalent cations in the autunite type structures and their results 
are summarised in Table 1.2. The Li+ cation was found to form a tetrahedral coordination 
between four water molecules, within the inter-layer space (Figure 1.20).214 The arsenate 
and phosphate analogues were found to be isostructural, both crystallising in the P4/n space 
group. The H3O(UO2)(XO4).3H2O structure was determined by Morosin215, using a model 
first described by Ross and Evans.216 The structure crystallises in the P4/ncc space group, 
with four water molecules within the inter-layer space. These authors were not able to define 
the position of the H+ ion, but it is believed to be distributed among the water molecules to 
form an H3O+ ion. The structure is shown in Figure 1.21. Locock et al214 synthesised phases 
containing a wide variety of monovalent ions -  Na, K, Ag, Rb, Tl and NH4. Despite the wide 
variety of ionic size they were all found to substitute randomly for one of the H3O groups in 
the inter-layer. Again, the arsenate and phosphate analogues were found to be isostructural, 
with the exception of Rb, where the phosphate and arsenate analogues were found to 
crystallise in the P4/n and P4/ncc space groups, respectively.  
Table 1.2: Selected monovalent cations in the structures of the autunite group. 
Formula Space group a Å c Å 
Li(UO2)(PO4).4H2O P4/n 6.96 9.14 
Li(UO2)(AsO4).4H2O P4/n 7.10 9.19 
Na(UO2)(PO4).3H2O P4/ncc 6.96 17.27 
Na(UO2)(AsO4).3H2O P4/ncc 7.15 17.33 
K(UO2)(PO4).3H2O P4/ncc 6.99 17.78 
K(UO2)(AsO4).3H2O P4/ncc 7.17 17.87 
K(H3O)(UO2)2(AsO4).6H2O P4/ncc 7.17 18.05 
Rb(UO2)(PO4).3H2O P4/ncc 7.01 17.98 
Rb(UO2)(AsO4).3H2O P4/n 7.19 17.64 
H3O(UO2)(PO4).3H2O P4/ncc 7.00 17.49 
H3O(UO2)(AsO4).3H2O P4/ncc 7.16 17.64 
NH4(UO2)(PO4).3H2O P4/ncc 7.03 18.09 
NH4(UO2)(AsO4).3H2O P4/ncc 7.19 18.19 
Ag(UO2)(PO4).3H2O P4/ncc 6.93 16.93 
Ag(UO2)(AsO4).3H2O P4/ncc 7.09 17.05 
Tl(UO2)(PO4).3H2O P4/ncc 7.02 17.98 
Tl(UO2)(AsO4).3H2O P4/ncc 7.19 17.97 
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Figure 1.20: Structure of Li(UO2)(XO4).4H2O, in space group P4/n where X can be P or As. The yellow square 
bipryramids are the UO6 groups and the red polyhedra are the XO4 groups.  The grey spheres represent lithium, 
which has tetrahedral coordination with the oxygen atoms (blue spheres) of four water molecules (bc projection). 
 
 
Figure 1.21: Structure of H3O(UO2)(XO4).3H2O in space group p4/ncc, where X can be P or As (bc projection). 
The yellow square bipryramids are the UO6 groups and the red polyhedra are the XO4 groups. The blue spheres 
are the oxygen atoms of H3O/H2O molecules. This structure is also correct for Na, K, Ag, Tl and NH4 monovalent 
groups. 
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1.10.2 Autunite and meta-autunite structures containing divalent cations 
The autunite-type minerals containing group 2 divalent cations are shown in Table 1.3. 
Autunite-type compounds with transition metal elements are listed in Table 1.4. The 
structures of the divalent autunite-type compounds demonstrate greater structural variety, 
compared with the monovalent compounds.217 While some structures have been refined for 
the divalent autunite-type compounds, many are inferred as they are believed to be 
isomorphic to their phosphate/arsenate analogue. For example, the structure of autunite 
(Ca(UO2)2(PO4)2.11H2O) has been refined and a projection, produced using published data, 
is shown in Figure 1.22.  The structure of uranospinite (Ca(UO2)2(AsO4)2.11H2O) is believed 
to be isomorphic with autunite, but no structure has been refined. The structure of the 
undecahydrates of Sr (both phosphate and arsenate) have been refined and are analogous 
to autunite.218 Autunite is known to dehydrate quickly under atmospheric conditions to meta-
autunite, for which no satisfactory model has yet been refined. This is believed to be 
because the removal of water may cause crystal strain and a partial collapse of the crystal  
structure.218, 219, 220, 221 There are a number of lower hydrates of structures containing Sr and 
Ba. The structure of Sr(UO2)2(AsO4)2.8H2O differs to Sr(UO2)2(AsO4)2.11H2O in that the 
interlayer spacing has decreased and the autunite sheets are now offset along the [110] 
direction. Similarly, the change in unit cell size in the Ba autunite-type compounds is due to 
both an interlayer space decrease as dehydration occurs, as well as a shifting in the autunite 
sheets. 
The structures determined for the Mg, Mn, Fe, Co and Ni structures show three states of 
hydration: triclinic dodecahydrates, monoclinic decahydrates and triclinic octahydrates. The 
interlayer cations are all in six fold coordination formed through bonding with either the O 
atoms of the water molecules or O atoms contained within the autunite sheets.168, 222, 223, 224,  
and the cations all exhibit regular octahedral shape. The space groups of metatorbernite 
(Cu(UO2)2(PO4).8H2O) and metazeunerite (Cu(UO2)2(AsO4).8H2O) have been listed in Table 
1.4 as P4/n for simplicity. However, there is no overall agreement about this assignment in 
the literature and this will be discussed further in Section 1.10.3. The Cu cations exhibit 
Jahn-Teller distortion. 
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Table 1.3: Selected group 2 cations in the structures of the autunite group. 
Formula 
Space 
group 
a Å b Å c Å α⁰ β ⁰ γ⁰ 
Mg(UO2)2(PO4)2.10H2O P21/n 6.95 19.95 6.98  90.6  
Mg(UO2)2(AsO4)2.10H2O P21/n 7.13 20.09 7.16  90.6  
Mg(UO2)2(AsO4)2.12H2O P-1 7.16 7.16 11.31 81.4 81.2 88.9  
Ca(UO2)2(PO4)2.11H2O Pnma 14.01 20.71 7.00    
Sr(UO2)2(PO4)2.11H2O Pnma 14.04 21.01 7.00    
Sr(UO2)2(AsO4)2.8H2O P2/c 7.15 7.10 18.9  92.7  
Sr(UO2)2(AsO4)2.11H2O Pnma 14.38 20.96 7.17    
Ba(UO2)2(PO4)2.6H2O P21/c 9.88 16.87 9.79  90.1  
Ba(UO2)2(PO4)2.7H2O P21 6.94 17.63 6.95  90.0  
Ba(UO2)2(AsO4)2.10H2O P2/c 7.15 7.13 21.29  104.2  
 
 
Table 1.4: Selected divalent transition metal cations in the structures of the autunite group. 
Formula 
Space 
group 
a Å b Å c Å α⁰ β⁰ γ⁰ 
Mn(UO2)2(PO4)2.10H2O I2/m 6.97 20.38 6.98  91.0  
Mn(UO2)2(AsO4)2.8H2O P-1 7.22 9.92 13.34 75.0 84.1 82.0 
Mn(UO2)2(AsO4)2.12H2O P-1 7.14 7.14 11.36 81.6 81.6 88.9 
Fe(UO2)2(PO4)2.10H2O P21/n 6.96 20.04 6.97  90.5  
Fe(UO2)2(AsO4)2.8H2O P-1 7.21 9.82 13.27 75.4 84.0 81.8 
Co(UO2)2(PO4)2.10H2O P21/n 6.95 19.93 6.96  90.4  
Co(UO2)2(AsO4)2.8H2O P-1 7.20 9.77 13.23 75.5 84.1 81.7 
Co(UO2)2(AsO4)2.12H2O P-1 7.16 7.16 11.29 81.5 81.4 88.9 
Ni(UO2)2(PO4)2.10H2O P21/n 6.95 19.82 6.97  90.4  
Ni(UO2)2(PO4)2.12H2O P-1 7.00 7.00 11.17 81.6 82.2 88.7 
Ni(UO2)2(AsO4)2.12H2O P-1 7.15 7.16 11.26 81.5 81.4 88.9 
Cu(UO2)2(PO4)2.8H2O P4/n 6.98  17.35    
Cu(UO2)2(PO4)2.12H2O P4/nnc 7.03  20.81    
Cu(UO2)2(AsO4)2.8H2O P4/n 7.11  17.42    
Cu(UO2)2(AsO4)2.12H2O P4/nnc 7.18  20.86    
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Figure 1.22: ab projection of  autunite [1] - Ca(UO2)2(PO4)2.11H2O in space group Pnma. The yellow square 
bipryramids are the UO6 groups and the red polyhedra are the XO4 groups.  The orange spheres represent 
calcium, which is coordinated with the oxygen atoms (blue spheres) of seven water molecules. 
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1.10.3 Copper autunite and meta-autunite-type minerals (Cu(UO2)2(XO4)2.nH2O) 
The formulae of torbernite and metatorbernite are Cu(UO2)2(PO4)2.12H2O and 
Cu(UO2)2(PO4)2.8H2O respectively, with both minerals consisting of uranyl phosphate sheets 
and copper in the interlayer spaces (see Figure 1.23). At room temperature torbernite 
usually dehydrates to metatorbernite, and therefore, metatorbernite is more commonly found 
in nature.103, 104  Structural data for torbernite is limited, due to its tendency to dehydrate to 
metatorbernite.72 Most of the literature has focused on the structure and reactions of 
metatorbernite. The autunite sheets found in torbernite and metatorbernite are identical, 
however, they are stacked differently (see Figure 1.23); the dehydration of torbernite to 
metatorbernite results in the displacement of every other autunite layer by half the a unit cell 
dimension along the [100] and [010] directions. In the torbernite structure the water 
molecules are accommodated in cavities both above and below the plane of the Cu ions. In 
metatorbernite, the c unit cell parameter is shortened (~17.35 Å compared with ~20.81 Å in 
torbernite). The water molecules are accommodated in cavities either above or below the 
plane of the Cu ion.161, 168 There is some disagreement about the space group of 
metatorbernite, with some authors listing it as P4/n67, 105, 106, 225 and others as P4/nmm107, 108, 
109 and P42/n.110 The structural work carried out on metatorbernite and torbernite is 
summarised in Table 1.5. Copper is Jahn-Teller distorted in metatorbernite and torbernite, 
and forms two longer bonds to the O atoms of uranyl ions in adjacent autunite sheets, and 
four shorter bonds with O atoms of water molecules in the interlayer space. This distortion 
arises due to a degeneracy, whereby electrons can be arranged in more than one way in two 
degenerate energy states. The complex distorts by splitting the energy level into two levels 
of different energies; this removes the degeneracy. In some cases, the two axial ligands, 
with a longer bond distance can become so far away from the copper centre that they 
become effectively non-bonding, changing the geometry from octahedral to square planar226 
(see Figure 1.24). 
Metazeunerite is analogous to metatorbernite and has the formula Cu(UO2)2(AsO4)2.8H2O. It 
is a dehydration product of zeunerite, with the formula Cu(UO2)2(PO4)2.12H2O. It is less 
common than metatorbernite but is reported in areas of high arsenic concentration. Again, 
zeunerite is reported to dehydrate to metazeunerite under normal temperature and pressure 
conditions and for this reason the focus of study tends to be metazeunerite.182, 227 There are 
also a number of reported space groups for metazeunerite with Locock et al reporting that it 
was isostructural with metatorbernite and crystallised in the P4/n space group.161 However, 
there is more disagreement regarding the space group of metazeunerite; multiple authors 
have suggested the P4/nmm space group,182, 228, 229 while Hanic et al227 assigned the 
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P42/nmc space group to metazeunerite. The structural work carried out on metazeunerite 
and zeunerite is summarised in Table 1.6. 
 
 
 
 
Figure 1.23: Structure of torbernite (Cu(UO2)2(PO4)2.12H2O)t (a) and metatorbernite Cu(UO2)2(PO4)2.8H2O (right) 
(bc projections produced using refined structural data from Locock et al161). The yellow square bipryramids are 
the UO6 groups and the red polyhedra are the XO4 groups.  The green polyhedra are the Jahn-Teller distorted Cu 
ions. The blue spheres are oxygen molecules of the water molecules, which are found both above and below the 
plane of the Cu ion in torbernite, but either above or below the plane of the Cu ion in metatorbernite. The 
difference in the orientation of the autunite sheets are marked with black arrows.   
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Figure 1.24: Jahn-Teller Distortion; splitting of 3d levels to form a regular octahedral complex, a distorted 
octahedral complex and a square-planar complex. 
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Table 1.5: Previous structural work completed on torbernite and metatorbernite. 
Structure Space 
Group 
Unit Cell 
Parameters (Å) 
Temp Reference 
Metatorbernite P4/nmm 
6.95 (1)  
8.64 (4)  
RT Calos et al.230 
Torbernite P4/ncc 7.03 (4)  
20.81 (2)  
RT Locock et 
al.161 
Metatorbernite P4/n 6.98 (5)  
17.35 (2)  
RT Locock et al. 
161 
`Metatorbernite P4/nmm 
6.97 (1)  
17.28 (80)  
RT Makarov et 
al.231 
Metatorbernite P4/n 
6.97 (1)  
17.31 (5)  
RT Ross et al.225 
Metatorbernite P4/n 6.97 (1)  
17.28 (80) 
RT Stergiou et 
al.232 
Metatorbernite P4/n 6.97 (23)  
17.31 (8)  
304.5 K Stubbs et 
al.181 
Metatorbernite 
dehydration product 
(Cu(UO2)2(PO4).6.1H2O) 
P4/n 6.96 (29)  
616.66 (9)  
402 K Stubbs et al. 
181 
Metatorbernite 
dehydration product 
(Cu(UO2)2(PO4).3H2O) 
P21 
14.50 (23)  
7.05 (9)  
6.63 (10)  
107.59º (14)  
446 K Stubbs et al181 
 
Table 1.6: Previous structural work completed on zeunerite and metazeunerite. 
Structure Space Group Unit Cell 
Parameters (Å) 
Temp Reference 
Metazeunerite P4/nmm 7.13 
8.83 
 
RT Frondel et al.182 
Metazeunerite P42/nmc 7.10 (5) 
17.70 (4) 
 
RT Hanic et al.227 
Zeunerite I4/mmm 7.18 (3) 
20.87 (12) 
RT Hennig et al.229 
Metazeunerite P4/ncc 7.11 (6)  
17.42 (11) 
RT Hennig et al.229 
Metazeunerite P4/nmm 7.11 (6)  
8.71 (11) 
RT Hennig et al.229 
Zeunerite P4/nnc 7.18 (3)  
20.86 (1) 
RT Locock et al.161 
 
Metazeunerite P4/n 7.11 (1)  
17.42 (1) 
RT Locock et al.161 
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1.11 Occurrence of the Autunite and Meta-autunite minerals 
Autunite and meta-autunite minerals are common secondary uranium minerals and are 
found in locations worldwide (see Figure 1.25). The largest known occurrences are in 
Europe and North America, and autunite and meta-autunite are found on every continent, 
with the exception of Antarctica. They can occur as natural deposits, as in the case of the 
Koongarra deposit in Australia, or as a result of the mining of a primary ore. They are also 
found at sites of uranium processing and remediation, where they have been found to form 
naturally in zones of high phosphate or arsenate occurrences. The precise speciation of the 
autunite or meta-autunite will be governed by the cations which are present in solution at the 
specific site.233-240 Figure 1.25 highlights the global importance of the autunite and meta-
autunite minerals. They have a significant role to play in understanding the migration 
behaviour of uranium both at natural deposits and in anthropogenically created situations 
such as mine tailings and processing sites for uranium-based fuel and weaponry. 
233, 234, 235, 236, 237, 238, 239, 240 
.  
 
Figure 1.25: Map of global occurrences of autunite and meta-autunite minerals.241, 242 Deposits have been found 
on every continent except Antarctica. 
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1.12 Relevance of Autunite and Meta-autunite minerals to the Remediation of 
sites contaminated with uranium 
 
Uranyl phosphates are important due to their insolubility at acidic and circa neutral pH.79  
They are among the least soluble U(VI) compounds and therefore are important in 
controlling the long-term movement of uranium in oxidising conditions.80, 243, 244, 245 Because 
of this insolubility, phosphate minerals are considered a possible remediation phase for 
uranium.106, 246, 247 There is interest in developing techniques that encourage the formation of 
uranium phosphates such as autunite and sodium meta-autunite.183, 199, 248 One of the 
advantages of these techniques is that the uranium is sequestered as U(VI) mitigating the 
issues of re-oxidation and remobilisation that would occur if U(IV) was sequestered.249, 250 
The formation of uranium-containing minerals as a remediation solution was trialled in the 
mid 2000’s at the Hanford site in Washington State in the USA.251-253 ,252,253 As a former plutonium 
production site, Hanford has a number of contamination issues and there are reported 
studies of bench and field studies at this site in an attempt to develop remediation strategies 
and deal with the contamination issues. The protocol fixed upon was an initial injection of 
polyphosphate, followed by calcium chloride and a final injection of polyphosphate into 
contaminated soil. This resulted in the precipitation of autunite (Ca(UO2)2(PO4)2.11H2O) and 
apatite (Ca5(PO4)3+) minerals, both of which are capable of sequestering uranium. Apatite 
sorbs uranium either as a ternary complex of dissolved phosphate and uranium, or by 
uranium bonding to a phosphate surface site on the apatite.250 Alternatively, the dissolution 
of apatite may result in the formation of autunite, according to the Equation 1.5.254, 255 
𝑪𝒂𝟓(𝑷𝑶𝟒)𝟑
+(𝒔) + 𝟐𝑼𝑶𝟐
𝟐+(𝒂𝒒) +  𝟏𝟏𝑯𝟐𝑶
= 𝑪𝒂(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝟏𝟏𝑯𝟐𝑶(𝒔) +  𝟒𝑪𝒂
𝟐+(𝒂𝒒) + (𝑷𝑶𝟒)
𝟑−(𝒂𝒒) 
Equation 1.5 
It was expected that once uranium has been sequestered by apatite it would then undergo 
conversion to autunite or other stable minerals. This is important as the binding of uranium to 
apatite is reversible, as uptake occurs via surface complexation rather than incorporation 
into the apatite structure.102, 250, 256 While initial results were promising, and uranium was 
reduced from 60-80 µg l-1 to below the drinking water standard of 30 µg l-1, there was a 
significant rebound after 2 months. It was believed that apatite did not undergo conversion to 
autunite resulting in a recharging of uranium into the area.257 A further concern with such 
remediation strategies is that the ionic composition of the groundwater will affect the precise 
nature of the precipitated uranium phases, and a change in the subsurface conditions could 
result in remobilisation of the uranium phases.258 
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However, while the trial at Hanford was not successful, phosphate minerals have an 
important role in the long-term storage of uranium, both in natural deposits and potentially in 
engineered repositories. One more recent aspect of the research is the use of bacterially 
derived phosphatase enzymes.  These bacteria could be introduced to an area high in 
uranium contamination. The release of bacterial enzymes results in the increase of available 
phosphate and a subsequent increase in precipitation of autunite minerals. This area of 
research is relatively new, and results are as yet inconclusive as to how useful this technique 
will be.205, 259, 260 
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1.13 Aims and Objectives 
The Natural Environment Research Council (NERC) funded the Lo-RISE project in order to 
investigate the fate of long-lived radionuclides in the environment. Within this category, 
uranium is of concern due to its persistence in the environment and the potential threat it 
poses to human health due to its decay forming radon.  Uranium is in demand globally for its 
use in energy production, armour plating and atomic weaponry. The radioactive nature of 
uranium means that mining operations result in the production of extremely hazardous waste 
products, which can persist in the environment for thousands of years. Many of the mining 
operations, including those at South Terras, were conducted before the full danger that 
radiation can pose was understood. Therefore, there was no effort to contain these materials 
or remediate the sites. These by-products can pose a significant risk to health, both at the 
location where they are left and, potentially, through the mobility of uranium, particularly in its 
U(VI) oxidation state, to locations removed from the original position of the mine or 
processing site. In addition to heritage radioactive waste, it is also essential to understand 
how to safely dispose of the waste being produced in the nuclear industry today. Therefore, 
there is a pressing need to understand the paths by which uranium can migrate in the 
environment. If these paths can be understood, then there is a better chance of safely 
containing and mitigating the risk of radiation both now and in the future. 
The overall aim of this research is to investigate the migration of uranium at the abandoned 
mine site of South Terras, focusing, in particular, on the mine tailings left abandoned at the 
site for nearly a century. While the site has been studied previously there are still important 
aspects to consider, amongst these are speciation of uranium minerals in the spoil heaps, 
which could potentially affect their long-term stability in the environment. 
The aims of this research are summarised below: 
• Characterisation of samples taken from the site using: PXRD (powder X-ray 
diffraction), SEM (scanning electron microscopy) and metal analysis by ICP-MS 
(inductively coupled plasma mass spectroscopy) and ICP-OES (inductively coupled 
plasma optical emission spectroscopy). 
• Identification of the uranium minerals in the mine spoil using ICP-MS, ICP-OES, 
PXRD and SEM.  
• Investigation of the stability of the mine spoil and targeted phases in solutions of 
different pH. 
• Synthesis of materials analogous to the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O identified at 
South Terras and characterisation of these materials by ICP-OES, PXRD, SEM, 
thermogravimetric analysis (TGA) and infra-red (IR) and Raman spectroscopy. 
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• Investigation of the stability of the synthetic uranium phases in solutions of different 
pH and under different conditions of time, temperature and concentration. 
• Crystal structure refinement of the synthetic MT analogues from high-resolution 
PXRD data collected on the beamline I15 at the Diamond Light Source. 
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Chapter 2: Experimental 
2.1 Sampling 
Sampling of the South Terras site was carried out in July 2015. Two sites of interest were 
identified using a handheld LB124 Berthold monitor; these were named Mine Spoil (MS) and 
Ore Processing Floor (OPF). The locations of these sampling sites are shown in Figure 2.1. 
The MS sample was a heterogeneous pile of material left over from the mining operations. 
The site is adjacent to a farm track, which gives access to the mine site, and next to the 
River Fal. The material was dumped at the location shown in Figure 2.2 and consisted of 
loose rocks of varying sizes, soil and some organic material. The OPF site consisted of soil, 
smaller (< 5cm3) granitic rocks and a sandy building material, which could be detected at a 
depth of 20-30 cm. The site itself was selected as it was not densely covered with 
vegetation. Plants are known as potential sinks for some radionuclides, including uranium261-
263
,262,263, and this aspect of the site was, at the time of our visit, under investigation by another 
research group in the Lo-RISE project who specifically requested we avoid areas of dense 
plant cover. The site was adjacent to the old settling ponds and close to the old mine shaft. 
Part of the old mine shaft is visible in Figure 2.3.  The MS sample reached counts of ~2000 
cps and the OPF sample registered counts of ~800 cps.  About 10 litres of soil and/or spoil 
were removed from the surface of each site using a hand shovel to a depth of about 20-30 
cm. 
 
Figure 2.1: Sample stations for fieldtrip undertaken in July 2015. The black cross marks the mine spoil site 
(~2000cps) while the red cross marks the ore processing floor site (~800cps). 
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Figure 2.2: Collection of Mine Spoil (MS) sample using a hand shovel in July 2015. 
 
Figure 2.3: Collection of Ore Processing Floor (OPF) sample in July 2015. The old mine shaft is marked with a 
red arrow. 
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2.2 Sample Storage and Preparation 
The samples were packed and stored in clean, polypropylene boxes before being 
transported back to Loughborough University (Figure 2.4). On arrival, all samples were dried 
in an oven at 80ºC before being gently crushed with a pestle and mortar. They were then 
placed into a laboratory sieve shaker and separated into size fractions: > 2 mm and < 2mm. 
This was done in order to investigate if the uranium was associated with a particular size 
fraction.65 The < 2mm size fraction of both MS and OPF samples was used for further 
experiments, both as a bulk sample and also after separation into further size fractions (<63 
µm, 63 µm – 125 µm, 125 µm – 250 µm, 250 µm – 1 mm, 1 mm – 2 mm and >2mm ). The > 
2mm fraction from the MS sample was spread out in a tray and monitored using a Geiger-
Müller counter. Individual samples of especially high activity (≥100 cps) were separated and 
labelled as High Radioactivity (HR) sample. These were gently crushed in a pestle and 
mortar, and sieved to < 2mm, in order to give a larger surface area for further experiments, 
for example, the sequential extraction experiments involved immersing the samples in 
different reagents to leach the uranium associated with different soil components (see 
Section 2.5). 
 
 
Figure 2.4: MS sample packed in polypropylene box, ready for transportation back to Loughborough University.  
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2.3 Loss on Ignition  
Loss on ignition (LOI) is an analytical test used as an indicator of the percentage organic 
matter present in a sample. LOI is used as it is a relatively simple method involving no 
chemicals and can be performed rapidly on a number of samples. The principle of LOI is that 
before ignition the sample contains mineral and organic phases. After ignition only the 
mineral phase remains and the difference in weight of the sample before and after ignition 
can be used to calculate the percentage of organic matter present in the sample, according 
to Equation 2.1, where Wpre-I is weight pre-ignition and Wpost-I is weight post ignition. 
% 𝑶𝒓𝒈𝒂𝒏𝒊𝒄 𝒎𝒂𝒕𝒕𝒆𝒓 =  
𝑾𝒑𝒓𝒆−𝒊(𝒈) − 𝑾𝑷𝒐𝒔𝒕−𝒊 (𝒈)
𝑾𝒑𝒓𝒆−𝟏 (𝒈)
 𝒙 𝟏𝟎𝟎 
Equation 2.1 
0.5 g of OPF, MS and HR samples were weighed into a pre-weighed ceramic crucible. For 
each of the samples three replicates were weighed out, in order to obtain an average. They 
were then placed in a Eurotherm Carbolite muffle furnace for 1 h at 500 °C, after which time 
they were cooled in the furnace and reweighed. They were then placed back in the furnace 
and heated to 500 °C for a further 1 h. The samples were then cooled in the furnace and 
reweighed to check that a constant weight was achieved. The difference in weight before 
and after heating was then calculated.65 Unless specified all further experiments were 
carried out on samples heated only to 80⁰C (i.e. containing the organic phases). 
 
2.4 pH  
It is important to measure the pH of the soil/spoil sample under investigation as this can 
affect the oxidation state of U and other redox sensitive metals, such as iron and 
manganese. This in turn can affect their availability. The pH of spoil or soil is usually 
measured by mixing the sample with a volume of deionised water. The volume of water used 
can vary, from enough to create a slurry, to a 1:10 soil to water ratio.115 A 1:5 ratio was 
chosen here, for consistency.  
1 g of OPF, MS and HR samples were weighed into a 15 mL centrifuge tube. For each 
sample three replicates were weighed out in order to obtain an average. 5 mL of deionised 
water was added, and the mixture was left to shake for 2 h on a shaker table.65 The pH was 
then measured using a Jenway pH meter and probe which was calibrated using pH 4, 7 and 
10 standard solutions. 
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2.5 Sequential Extraction of Uranium 
Sequential extraction is a well-documented technique, which relies on immersing the sample 
in different reagents designed to remove radionuclides, or other metals, associated with 
specific soil fractions: exchangeable, organic, carbonate, Fe/Mn oxides and 
residual/mineral.264 A number of methods have been published265-267 ,266,267 however, the one used 
here has been adapted from that of Schultz et al268, as this method focused on the 
sequential extraction of actinides, including uranium. 
1 g of sample (MS, OPF or HR) was placed into a 50 mL centrifuge tube. All samples were 
weighed and extracted in three replicates, in order to obtain an average. 5 mL of deionised 
water was added to the samples which were then set aside overnight. This procedure was 
used as it was demonstrated previously that hydrating the sample increased the recovery of 
uranium in the exchangeable phase, compared with beginning the sequential extraction on a 
dry sample.268 Following the overnight hydration, extraction reagents were added to the 
samples in a specific order, to extract uranium associated with different fractions of the soil, 
this is summarised in Table 2.1. After each extraction, the sample was centrifuged at 3500 
rpm for 45 mins. The resulting mixture was then filtered under vacuum through a 0.45 μm 
membrane and washed three times with 5 mL of deionised water. The filtrate (extraction 
liquid) was washed out of the Buchner flask into a 50 mL centrifuge tube with a little 
deionised water, made up to 50 mL with deionised water and set aside.  
Firstly, the exchangeable fraction was extracted by adding 15 mL of 1 M magnesium 
chloride (MgCl2), adjusted to pH 7, to the hydrated samples. This was to replace any 
exchangeable uranium by Mg2+ ions, present in a higher concentration.  The next fraction to 
be extracted was the uranium associated with the organic material. It has been 
demonstrated that under oxidising conditions, organic material is degraded, and metals 
associated with this phase are released into solution.266 NaClO was selected as previous 
studies have shown that it is able to release more metals from the oxidising phase, whilst not 
affecting other phases (i.e. the carbonates and Fe/Mn oxides).268 In a fume hood the solid 
residue, from the previous stage, was added to a Teflon digestion vessel. To this, 15 mL of 
sodium hypochlorite (NaClO) (5-6%, adjusted to pH 7.5 with 1 M HCl) was added. The 
Teflon vessel was sealed, placed in a CEM Mars 2000 digestion oven, then heated at ~96 
°C for 1 h. 
To remove the carbonate fraction the solid residue from the previous step was extracted in 
15 mL sodium acetate (CH3COONa) (1 M, adjusted to pH 5 with acetic acid) for 4 h. The 
decrease in pH that results from the addition of this reagent causes the dissolution of 
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carbonates producing carbon dioxide, water and soluble carbonate salts. This reagent was 
chosen as it has been shown to remove metals associated with carbonates, without 
significantly affecting the Fe/Mn oxide fraction.266, 269 
To remove any Fe/Mn reducible oxides present, the solid residue from the previous step was 
extracted in 15 mL of hydroxylamine hydrochloride (NH2OH.HCl) (0.04 M, adjusted to pH 2 
with HNO3) for 5 h. NH2OH.HCl is a reducing agent and has the effect of increasing the 
redox potential, causing insoluble Fe(III) and Mn(IV) present in oxide minerals to be reduced 
to the more soluble Fe(II) and Mn(II) aqueous ions.  
Finally, the remaining solid residues were washed off the membrane with deionised water 
into Teflon microwave digestion vessels. To these, 15 mL of reverse aqua regia was added. 
Reverse aqua regia is capable of digesting all but the silicate phases contained in natural 
samples. Note, from the X-ray diffraction data it could be shown that the uranium was 
associated with a phosphate phase – it was therefore unnecessary to digest the silicate 
phase (see Section 3.2). The Teflon vessel was sealed, placed in a CEM Mars 2000 
digestion oven, then heated to ~175 °C, held at temperature for 15 mins and then cooled.270 
 
 
 
 
  
Table 2.1: Summary of sequential extraction steps. 
Fraction Extraction Reagents Temp (°C) Mixing time (h) 
Exchangeable  1 M MgCl2 Room temp 1 
Organic 5-6% NaClO (pH 7.5) ~ 96 1 
Carbonates 1 M CH3COONa (pH 5) Room temp 4 
Oxides (Fe/Mn) 0.04 M NH2OH.HCl (pH 2) Room temp 5 
Residual HCl / HNO3 (1:3) 175 0.25 
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2.6 Inductively coupled plasma – optical emission spectroscopy 
Inductively coupled plasma – optical emission spectroscopy (ICP-OES) is a destructive 
analytical technique that combines ICP with OES, allowing elemental composition to be 
determined. A schematic diagram of an ICP-OES instrument is shown in Figure 2.5. The 
sample is first aerosolised in the nebuliser and then atomised and ionised into its constituent 
elements by a plasma torch. The plasma excites each element to a higher energy level. As 
the ion then decays back into its normal state it releases photons at wavelengths 
characteristic of the ion/element type. These photons are separated by the diffraction 
grating, according to their wavelengths. They then pass to the photon detector which records 
which wavelengths are present. The intensity of the wavelength is indicative of the 
concentration of the element. ICP-OES was used to analyse both mineral samples and the 
Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. 
 
Figure 2.5: Schematic diagram of an ICP-OES instrument.  
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2.6.1 ICP-OES analysis of sequential extraction samples 
For each sequential extraction sample, a 1 mL aliquot was taken from the extraction liquid. 
This was placed in a 15 mL polypropylene centrifuge tube. 9 mL of a 2% nitric acid matrix in 
deionised water was added to make the total volume up to 10 mL. ICP-OES uranium 
standards were made by dilution of Spex CertiPrep 1000 mg/L, to make concentrations of 
100, 75, 50, 25, 10, 5, 1, 0.5 and 0.1 ppm. ICP-OES standards for other elements were 
made using Spex CertiPrep standards at 100 mg/L. The standard was diluted to 
concentrations of 30, 20, 10, 5, 1 and 0.5 ppm. All standards were made in a 2% nitric acid 
matrix. Blanks were also made containing 2% nitric acid. The samples and standards were 
measured using a Thermo Scientific 6000 series ICAP-6500 duo ICP-OES.  Every 20 – 30 
samples a standard of known concentration was analysed to monitor the performance of the 
machine. The ICP-OES Spectrometer was fitted with a CETAC ASX-520 Autosampler and 
samples were analysed using the iTEVA Control Centre software package.   
 
2.6.2 ICP-OES Analysis of Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution 
0.2 g of solid solution phase was weighed into a 15 mL polypropylene centrifuge tube. It was 
then dissolved in 2 mL 50% HNO3. A 0.1 mL aliquot of sample was removed and added to a 
15 mL centrifuge tube, this was then diluted to 10 mL using more 2% HNO3 in deionised 
water. The samples were then analysed on the Thermo Scientific 6000 series ICAP-6500 
duo ICP-OES as described above in Section 2.6.1. 
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2.7 Batch leaching experiments  
Six solutions were chosen to study/monitor leaching of uranium from the natural and 
synthetic samples: 0.1 M sulfuric acid (H2SO4), 0.1 M sodium hydroxide (NaOH), 0.1 M citric 
acid  (C6H8O7) and 0.5 M of ammonium, potassium and sodium bicarbonate (NH4HCO3, 
KHCO3 and NaHCO3).  See Chapter 6 for a discussion on why these reagents were chosen. 
Batch leaching experiments were used to analyse both mineral samples and the 
Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution samples, to give an indication of the stability of 
the uranium minerals under different conditions of pH. 
 
2.7.1 Batch Leaching experiments – Natural samples 
0.1 g of HR sample was weighed into a 15 mL polypropylene tube. A 1.5 mL solution aliquot 
of one of the reagents mentioned above was added to the tube. The leaching solutions were 
all prepared using deionised water. The centrifuge tubes were placed on a shaker and 
allowed to mix for 1 week. After this time, the filtrate was separated from the solution via 
vacuum filtration using a Buchner funnel and a 0.45 µm cellulose membrane. The filtrate 
was diluted to 15 mL using deionised water. A 1 mL aliquot was taken and added to a clean 
15 mL polypropylene centrifuge tube. It was diluted to 10 mL with 2% HNO3 in deionised 
water. The solutions were then analysed on a Thermo Scientific 6000 series ICAP-6500 duo 
ICP-OES. The remaining solid was analysed using powder X-ray diffraction (PXRD) 
techniques on a Bruker D8 Discover (see Section 2.12).  
The three bicarbonate solutions NH4HCO3, KHCO3 and NaHCO3 were found to interact 
differently with the HR samples (see Chapter 3). Longer experiments were carried out over a 
period of 6 months using 1 g of the MS sample in 15 mL of each of the bicarbonate 
solutions. Each sample was weighed and analysed in triplicate, to obtain an average. These 
were separated by filtration after a period of 6 h, 24 h, 1 week, 2 weeks, 1 month, 2 months, 
4 months and 6 months. Alongside the experiments using bicarbonate solutions, mineral 
water was used to provide a control sample. Mineral water was also used as this would give 
an indication of how the samples might behave under surface conditions found at the mine 
site. The water chosen was Buxton as the elemental composition and pH of the water is 
known. Following filtration, a 1 mL aliquot of liquid was taken and placed in a clean 15 mL 
centrifuge tube. 9 mL of deionised water acidified to 2% nitric acid was added. The sample 
was then analysed by ICP-OES. 
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2.7.2 Batch Leaching experiments – Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution 
0.05 g of Cu(UO2)2(PO4)2-x(AsO4)x.nH2O; x =0, 0.5, 1.0, 1.5 and 2.0) was added to a 15 mL 
centrifuge tube. 1.5 mL of one of the solutions described in Section 2.7 was added. They 
were then left on the shaker for one week. After this time, the filtrate was separated from the 
solid by vacuum filtration using a Buchner funnel and a 0.45 µm cellulose membrane. The 
filtrate was diluted to 15 mL using deionised water. A 0.1 mL aliquot was taken and added to 
a 10 mL polypropylene centrifuge tube. It was diluted to 10 mL with deionised water and 
acidified with 2% HNO3. The solutions were then analysed on a Thermo Scientific 6000-
series ICAP-6500 DUO ICP-OES. The solid was analysed using PXRD (see Section 3.9). 
Further experiments were carried out to investigate the effect of varying the concentration, 
time or temperature of the batch leaching experiments; these results will be reported in 
Chapter 6. 
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2.8 Synthesis of solid solution members Cu(UO2)2(PO4)2-x(AsO4)x.8H2O (x = 0, 
0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.4, 1.5, 1.6,1.8 and 2) 
 
Metatorbernite (Cu(UO2)2(PO4)2.8H2O) was synthesised by adapting a method by Cretaz et 
al.203 2.5g (5 x 10-2 mole) uranyl nitrate hexahydrate (UO2(NO3)2.6H2O) sourced from Aldrich 
was dissolved in 25 mL of a 0.5 x 10-2 mol L-1 solution of nitric acid. 0.44 g (3.3 x 10-3 mole) 
copper (II) chloride dihydrate (reagent grade Sigma Aldrich) was added and shaken until 
dissolved. 2.5 mL of a 2 M solution of phosphoric acid (reagent grade Sigma Aldrich) was 
then added. After approximately an hour, pale green crystals were observed to form. The 
crystals were left on a shaker at room temperature for 1 h before being left to settle for 48 h. 
The product was then filtered under vacuum using a 0.1 µm cellulose membrane and 
washed three times with deionised water. The crystals were left to dry in an oven at 40ºC 
until a constant weight was achieved. The mass of the metatorbernite crystals synthesised 
was 2.21 g 
Metazeunerite (Cu(UO2)2(AsO4)2.8H2O was prepared using the same method but replacing 
the phosphoric acid with a 2 M solution of arsenic acid. The arsenic acid was prepared by 
dissolving 2.5 g arsenic (V) oxide (sigma Aldrich reagent grade) in 10 mL of deionised water. 
The mass of the metazeunerite crystals synthesised was 2.34 g. 
Members of the solid solution were prepared using different ratios of phosphoric and arsenic 
acid in the synthetic mixture. Initially the compositions of x = 0, 0.5, 1, 1.5 and 2 were 
synthesised, to test the method. When this was successful, smaller increments were 
synthesised to produce the compositions Cu(UO2)2(PO4)2-x(AsO4)x.nH2O, x = 0.2, 0.4, 0.6, 
0.8, 1.0, 1.2, 1.4, 1.6, and 1.8. The mass of the synthesised crystals was ~2.1 – 2.8 g.   
  
57 
 
2.9 Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry 
(DSC) 
Thermo-gravimetric analysis (TGA) is a technique whereby the mass of a sample is 
recorded as a function of temperature. This allows the number of water molecules in a 
sample to be determined, by examining the weight losses which occur over different 
temperature ranges as the sample is heated. Differential scanning calorimetry (DSC) is used 
to detect thermal transitions in a sample. It involves heating the sample alongside a 
reference alumina (Al2O3) crucible; the two crucibles are heated at the same rate and any 
heat absorbed, or emitted by the sample can be monitored, in comparison with the reference 
crucible. This gives information about endothermic or exothermic reactions occurring within 
the sample (Figure 2.6 and Figure 2.7). 
TGA and DSC were carried out at the Nuclear Fuel Centre of Excellence (NFCE) at the 
University of Manchester using a Netzsch STA 449 f1 Jupiter TGA analyser. A known weight 
of sample (~25-35 mg) was loaded into an alumina crucible (with alumina lid) which was 
then placed inside the instrument on the sample platform, alongside the reference sample. 
Data were collected on the samples from ambient to 500°C with a temperature ramp of 
5°C/min in a nitrogen or air atmosphere. Higher temperatures were not used due to the risk 
of the production of AsH3 on decomposition of the arsenate ion. The samples were held at 
500⁰C for 10 mins and then cooled back to ambient temperature. 
 
 
Figure 2.6: Sample inside TGA analyser before analysis.  
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Figure 2.7: Simplified schematic diagram of a TGA/DSC analyser.  
 
  
59 
 
2.10 Field emission gun scanning electron microscopy  
Field emission gun scanning electron microscopy (FEGSEM) allows high-resolution, 3D 
images to be obtained for analysis of the morphology and topography of a sample. A 
simplified diagram of the major components of a FEGSEM instrument is shown in Figure 2.8.  
SEM involves firing a beam of electrons at a sample. These electrons are generated by a 
field emission gun, which in this instance, is a tungsten crystal sharpened to a tip of less 
than 100 nm. The tungsten tip is heated by an electric current, this allows electrons (known 
as primary electrons) to escape the surface of the crystal. The electrons are directed 
towards a positively charged anode and focused onto the sample by a series of 
electromagnetic lenses and apertures. The primary electrons interact with the sample and 
knock secondary electrons out of the orbits of atoms within the sample. These secondary 
electrons are detected by the secondary electron detector. The beam is initially focused at 
the top left corner of the area of sample under investigation. Scanning coils are then used to 
deflect the beam so that it scans across to the top right corner area of the sample. It then 
moves down the sample from side to side, starting at the top of the sample and continuing to 
the bottom. This scan pattern is known as rastering. If a large number of secondary 
electrons are detected at a particular point, then a bright pixel is generated, and vice versa, if 
a small number of secondary electrons is detected, then the pixel will be darker. In this way, 
a high-resolution image is formed. 
The samples were prepared for SEM analyses, by crushing by hand using a pestle and 
mortar, before being mounted on a double-sided carbon pad on an aluminium stub for 
analysis. They were sputter coated with a thin film containing a mixture of gold and 
palladium for ninety seconds prior to analysis. This was to prevent charging and to protect 
the specimen. All images were taken using a FEGSEM 2530-VP instrument. 
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Figure 2.8: Simplified diagram showing major components of FEGSEM instrument.  
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2.11 Raman and Infra-red (IR) spectroscopy 
Both infra-red (IR) and Raman spectroscopy are useful analytical techniques for 
investigating which functional groups are present in a sample. Each bond can have a 
number of vibrational modes, which are divided into two main categories – stretches and 
bends/deformations (Figure 2.9). In general, the stretching vibrations occur at a lower 
(higher energy) wavelength than the bending vibrations. The two techniques give 
complementary information as often a vibration which is not IR active will be Raman active, 
and vice versa – so they are often used in tandem for the purpose of material 
characterisation. 
 
 
Figure 2.9: Types of molecular vibration. Note, a + symbol indicates forward movement and a – symbol backward 
movement. 
 
 
 
2.11.1 Raman analysis 
Raman analysis is a technique useful for detecting molecular vibrations which can give an 
insight into the crystal structure of a sample. A monochromatic light (laser) is focused on the 
sample, and this light is scattered by the sample. Most of the scattered light is the same 
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wavelength as the incident beam and is known as Rayleigh scattering. However, a small 
amount of light will have undergone a change in wavelength (Raman shift) due to 
interactions with functional groups within the sample. This is known as Raman scattering 
and its specific wavelengths can give an insight into the structure of the compound under 
investigation. 
Raman shifts can be observed at both higher and lower wavelength than the incident beam. 
If the light interacts with the sample in its ground state, then the scattered radiation will be 
lower in energy than the incident radiation. This is known as Stokes radiation. If, however, 
the light interacts with the sample in an excited state then the scattered radiation will be 
higher in energy than the incident radiation, and this is known as anti-Stokes radiation 
(Figure 2.10). It is far more common for the incident radiation to encounter the substrate in 
the ground state, therefore the Stokes radiation lines are much stronger than the anti-Stokes 
radiation lines and it is the Stokes lines that are usually chosen for Raman analysis. 
 
Figure 2.10: Energy level diagram showing energy states involved with Raman Spectroscopy, adapted from 
Costa Moura.271 
The major components of a Raman spectrometer are: source of (monochromatic) light 
(laser), monochromator, sample holder and optics, detection system and computer. The 
monochromator selects the specific wavelength of light chosen for the experiments. The light 
is then focused on the sample and some of this light is scattered back. The Rayleigh signal 
is removed via a filter and the remaining Raman signal is separated into different 
wavelengths on a grating. The signal is then passed to a detector before being analysed by 
a computer. The computer can detect the shift in the wavelength from the scattered light, 
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compared to the monochromatic light and this is displayed as a readable spectrum (Figure 
2.11). 
Raman analysis was carried out at the Centre for Radiochemistry Research (CRR), 
University of Manchester, using a Horiba XploRA PLUS V1.2 Å MULTILINE confocal Raman 
microscope with 532 nm, 638 nm and 785 nm solid state lasers. The objective chosen was 
of 50x magnification together with a laser source of 638 nm. The scans were collected from 
50 – 3000 cm-1 using a grating size of 1200g/mm and an acquisition time of 100 s. The 
system was operated using LapSpec 6 Raman software. The sample was ground in a pestle 
and mortar, then placed in the depression of a cavity well microscope slide prior to analysis. 
No further sample preparation was undertaken.  
 
Figure 2.11: Schematic of a confocal Raman spectrometer. 
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2.11.2 IR analysis 
IR relies on the absorption of energy, rather than the scattering of it (Figure 2.10) and the 
information given by IR and Raman spectroscopy is complementary. For a vibration to be 
Raman active, the electron cloud must be polarised during that vibration. This means that 
bands which are inactive in IR e.g the N-N symmetric stretch in nitrogen, are active in 
Raman. For IR activity, the presence of a permanent dipole moment in a bond or group 
within the molecule is needed for the vibration to be active. By comparing the observed 
absorbencies present in a spectrum with tables of known functional group absorbencies, it is 
possible to determine  which bonds and/or functional groups may be present in a sample. 
Fourier Transform InfraRed spectroscopy (FTIR) uses an infrared beam containing all 
required wavelengths. The beam is directed through a beam splitter, with roughly half the 
light being directed to a stationary mirror and the other half to a moving mirror. The two 
beams of light bounce off the mirrors and are recombined, either constructively, or 
destructively depending on whether the reflected light is in phase or not. This produces an 
interferogram, and for each wavelength of light a unique interferogram is produced. Some of 
the wavelengths will be absorbed by the sample, weakening the signal of that specific 
interferogram. The rest of the IR beam will pass through to the detector. The information 
from the detector is passed to the computer, which can interpret the strength of the 
interferograms from each wavelength. A spectrum is then produced showing the 
wavelengths of light which have been absorbed (Figure 2.12).  
IR analysis was carried out at the Centre for Radiochemistry Research (CRR), University of 
Manchester, using a Perkin Elmer Spectrum RX1 Fourier Transform Infrared spectrometer 
with an attenuated total reflection (ATR) attachment. An ATR attachment works by the 
placing the sample onto a crystal with a high refractive index (in this case diamond). The IR 
light penetrates the sample before being refracted back towards the detector. Scans were 
collected over a wavelength range of 4600 – 400 cm-1. The sample was ground in a pestle 
and mortar prior to placing the sample on the ATR attachment. 
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Figure 2.12: Schematic of an FTIR spectrometer.  
66 
 
2.12 Powder X-ray diffraction analysis  
Laboratory PXRD techniques use X-rays generated by striking a metal target (usually copper 
or cobalt), with a stream of electrons. This bombardment ejects core electrons from the 
metal, creating an electron vacancy. This vacancy is then filled by a higher energy electron 
decaying into the lower energy orbit. The excess energy is emitted as an X-ray photon with a 
precise energy, defined according to Equation 2.2 below, where ΔE is the energy difference, 
h is Planck’s constant and v is the frequency of the emitted radiation.   
𝜟𝑬 = 𝒉𝒗 
Equation 2.2 
 
A single wavelength can be selected from the output of the X-ray tube, using a single crystal 
monochromator. Usually the most intense peak is chosen (Kα1) and this radiation is then 
collimated by passing it through a slit before it interacts with the sample.  The X-rays interact 
with atoms in planes within three dimensional lattices (Figure 2.13). Labels for describing 
these planes are known as Miller indices and are given the labels h, k and l and the 
separation between parallel sets of these planes is known as d-spacing272. The difference in 
the path length from one set of parallel planes to another can be defined by the Bragg 
equation (Equation 2.3), where n is an integer, λ is the X-ray wavelength, d is the d-spacing 
between the two planes and θ is the angle of incidence of the X-ray beam.   
𝒏𝝀 = 𝟐𝒅𝒔𝒊𝒏𝜽 
Equation 2.3 
 
Figure 2.13: Scattering of X-rays from parallel planes.272 
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A sample is analysed in a powder (microcrystalline/polycrystalline) form and contains 
crystals which randomly adopt all possible orientations. Therefore, as the incident radiation 
interacts with the sample it is diffracted in all possible directions simultaneously. Each lattice 
spacing gives rise to a cone of diffraction, where each cone is a set of closely spaced dots, 
and where each dot is representative of diffraction from a single crystallite (see Figure 2.14). 
Due to the large number of crystallites a continuous cone is formed.  The angle of diffraction 
from these cones can then be measured by a detector.  Each crystalline material has a 
characteristic pattern of reflection positions and intensities which make identification 
possible, by comparison with known samples. The International Centre for Diffraction Data 
(ICDD) has a comprehensive database of PXRD patterns.288 The database can be 
incorporated into a number of different software packages and the known patterns can be 
compared to the sample under analysis.  
 
Figure 2.14: Continuous cones of diffraction derived from scattering from a polycrystalline sample. Adapted from 
Dann.272 
PXRD data were collected using a Bruker D8 Discover X-ray diffractometer in transmission 
geometry using Co Kα1 radiation, selected using a Ge 111 single crystal monochromator and 
a Braun Position Sensitive detector. For phase identification of samples, natural or synthetic, 
data were collected over the 2θ range 5-60˚ with a step size of 0.0072334˚ 2θ and a count 
time of 0.5s per step. If the data were to be used to obtain structural information (i.e. unit cell 
parameters and space group) then a longer collection time was used. Data were collected 
over the 2θ range 9-80˚ with a step size of 0.0072334˚ 2θ and a count time of 5.2s per step. 
For the purposes of phase identification, the PXRD data patterns were compared to known 
phases in the International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF) 
database using the search match software contained in the software suite WinXPow. 
Diffraction patterns were indexed, and the unit cell parameters refined for the synthetic 
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samples using a least-squares refinement programme in the WinXPow software package or 
the Pawley refinement program on the Topas suite.273   
The samples were ground as finely as possible in a pestle and mortar. A small amount of 
sample was then placed between two sheets of Scotch™ tape before being mounted in the 
sample holder.  Both natural samples and Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution 
samples were analysed by PXRD in this way. 
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2.13 Synchrotron Powder X-ray Diffraction Studies 
Synchrotron sources have a number of advantages over standard laboratory PXRD 
techniques.  They produce radiation which is far more brilliant and more intense than 
standard X-ray tubes. The radiation is highly collimated and polarised, while low emittance 
means that the distribution of photons is confined to a narrow spread of position and 
momentum; this achieves a very narrow, focused and bright radiation source. In addition, the 
wavelength can be tuned to select the most appropriate for the particular material under 
investigation. The radiation is pulsed at around 3 ns to 4 ps (dependant on the generation of 
the synchrotron source). The fast pulsing of the light means that time-resolved studies can 
be carried out, even on very rapid reactions.274 A diagram of the major components of a 
synchrotron are shown in Figure 2.15.  
At the centre of the synchrotron is an electron source, at the Diamond Light Source (DLS) 
this is a tungsten cathode which is heated under vacuum, allowing electrons to leave the 
surface. Electrons are then passed to the booster and accelerated to near light speed. The 
electrons are then injected into the storage ring, where they circulate for up to 24 hours. The 
storage ring consists of 24 straight sections angled to form a loop. Large electromagnets are 
used to curve the stream of electrons around the storage ring. Each time the electrons 
deviate from linear, they give off a radiation beam (typically in the infrared and X-ray 
wavelength regions), which is channelled into a number of different beamlines. The 
synchrotron radiation is directed first into the optics hutch where it travels through a series of 
mirrors and diffraction gratings to focus the beam. Then the light enters the experimental 
hutch where the sample for analysis has been set up. The experiment is monitored by 
scientists from the control cabin. 
Samples for this project were analysed at the Diamond Light Source synchrotron in 
Oxfordshire, UK using the high-resolution powder X-ray diffraction beamline I11 in 
transmission geometry. The beamline used a Si(111) monochromator and an incident 
wavelength of 0.82603 Å, determined from refinement of data collected on a silicon 
standard. Samples were packed into a 0.5 mm borosilicate capillary tube and secured with 
Kapton tape. The capillary tubes were mounted on brass holders and spun at 1250 r.p.m. 
PXRD measurements were collected using multi-analysing crystal detectors over a 2θ range 
of 0 – 150º. The PXRD data was collected at 293 K for 30 minutes. After this, the sample 
was cooled using the Cryostream Plus to 105-110 K and data were collected for a further 30 
minutes. The data were binned in 0.005º steps and summed to produce a single PXRD 
pattern for each sample at each temperature of interest.  
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Figure 2.15: Major components of a synchrotron.  
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2.14 Structural Refinement 
The Rietveld method was developed in the 1960’s, initially for the structural refinement of 
powder neutron data and later for powder X-ray data.275, 276 As it is a refinement technique, a 
starting model, which is reasonably close to the sample under investigation, is required.277, 
278 A number of previous studies have been carried out into the structure of metatorbernite 
and metazeunerite (see Chapter 1). These could be used to model the end-member phases 
of the solid solution, and in turn, the refined models of the end-member phases of the solid 
solution could be used to model other solid solution members.  
The Rietveld method uses a least-squares procedure to vary the structural parameters 
(taken from the initial model), the background coefficients (which describe the background) 
and the peak profile parameters (which describe peak shape). It continues to vary these 
parameters until a best fit between the observed and calculated patterns is obtained. The 
residual is minimised by the least squares refinement, according to Equation 2.4277, 278 where 
wi is 1/yoi, yoi is observed intensity at the ith step and yci is the calculated intensity at the ith 
step.  
𝑺𝒚 =  ∑ 𝒘𝒊 (
𝒊
𝒚𝒐𝒊 −  𝒚𝒄𝒊)²  
Equation 2.4 
There are a number of different values used to assess how well the Rietveld refinement fits 
the data. However, the most important are the Rwp and GoF (goodness of fit).277 The Rwp is 
the quantity determined throughout the least squares refinement process. An acceptable Rwp 
value for a refinement should be below 10.0.275 It is calculated according to Equation 2.5 
below:  
𝑹𝒘𝒑 =  √(
𝜮𝒊𝒘𝒊(𝒚𝒐𝒊 − 𝒚𝒄𝒊)
𝟐
𝜮(𝒘𝒊𝒚𝒐𝒊²)
) 
Equation 2.5 
GoF is used to define the closeness of the match between the refined data and the observed 
data; it uses the term Rexp which is an estimation of the minimum achievable Rwp based on 
counting statistics (Equation 2.6). If the refinement is perfect, then the GoF should approach 
1.0. However, an acceptable GoF is usually taken to be between 1.0 and 2.0.275 
𝑮𝒐𝑭 = (𝑹𝒘𝒑/𝑹𝒆𝒙𝒑)² 
Equation 2.6 
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Pawley or Le Bail methods are often used prior to a Rietveld Refinement in order to refine 
unit cell parameters.279, 280 These are similar to the Rietveld method; however, they do not 
take into account a crystal structure model, and therefore each peak is considered a 
refineable parameter. While a Le Bail or Pawley refinement can be useful for obtaining unit 
cell parameters, and so can be used if there is no crystal structure available, it is preferable 
to use the Rietveld approach as this is the only method whereby atomic positions are 
refined. 
 
2.14.1 Refinement strategy 
The initial step in a refinement was to find a suitable starting model. This was achieved by 
searching the Inorganic Crystal Structural Database (ICSD)281 for reported models of 
metatorbernite and metazeunerite. The space group and unit cell parameters from a model 
were input either into the indexing program of WinXPow or into the Pawley refinement 
program on the Topas suite. If the fit of the starting model was reasonable (i.e. GoF between 
1 – 2  and Rwp  < 10) these unit cell parameters were used in a Rietveld refinement.  
During the Rietveld refinement, different parameters are allowed to refine individually, these 
are summarised in Figure 2.16. The first step was to refine the background; to model the 
background the order of polynomial functions was increased until the calculated background 
followed the observed background. The next step was to allow only refinement of the unit 
cell parameters. If there are discrepancies between the observed and calculated fit – for 
instance missing or additional peaks – then the starting model may not be appropriate and 
should be reconsidered. 
Once the background and unit cell parameters have been modelled, the peak-shape was 
fitted. Ideally peaks should be sharp and narrow in shape, however peak broadening can be 
caused by a number of factors, both instrumental and sample related. Topas includes a 
number of functions to model for peak shape and symmetry; for example, a Gaussian 
function can model a symmetrical peak and a Lorentzian function can model a symmetrical 
peak with tailing. More complex functions, such as the Pearson VII and pseudo-Voigt 
functions are also employed, these combine Gaussian and Lorentzian functions and while 
these involve more complex calculations, they can be used to model a wider range of peak 
shapes.282  The pseudo-Voight function was used for the refinements in this work. 
A frequent problem which can occur in PXRD is preferred orientation. This occurs when 
crystals align in one direction over others, meaning orientation is not random and the 
intensities of certain peaks can be intensified over others; again, this can be modelled for 
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during the refinement process. This was necessary for the refinements presented here, as 
preferred orientation was observed in the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phase 
members. Spherical harmonics were used to model the preferred orientation.283 
The next step is to allow the atomic positions to refine. Crystal structure models, defining the 
atomic positions, were downloaded as a crystallographic information file (CIF) from the ICSD 
database. These data can be imported into the Rietveld program and used as a starting 
point to refine the atomic positions. Due to the nature of interactions of X-rays with the 
electrons, heavy atoms such as uranium, which contain far more electrons than lighter 
atoms, such as oxygen, dominate the scattering and therefore the location and refinement of 
lighter atoms when in the presence of heavy atoms can be problematic. Due to this, it was 
necessary to include some distance restraints in order to maintain reasonable atomic 
distances between uranium and oxygen. Finally, the thermal parameters can be allowed to 
refine. Thermal parameters relate to the thermal motion of the atoms within the structure.284 
A large value may indicate some issues with the position of an atom. A flowchart highlighting 
the process of refining the structures of the metatorbernite-metazeunerite solid solutions is 
shown in Figure 2.16. 
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Figure 2.16: Flowchart showing processes undergone during Rietveld refinements. 
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2.14.2 Bond Valence Parameters 
One method to check the validity of the refined model is to use bond valence parameters. 
This is an approach which attempts to describe bonding in non-molecular materials in an 
empirical fashion, using the correlation between bond valence and bond length. An ion has a 
certain bonding power, or valence, and this is shared between the atoms it forms bonds with. 
By summing the bond distances in a model, we can therefore get an approximation of 
whether the bond valence is appropriate for the ion in question.285, 286 The bond valence 
equation (Equation 2.7) is shown below, where Sij is the experimental bond valence, R0 is a 
tabulated value, specific to the bond, Rij is the calculated distance and B is a constant equal 
to 0.37 Å. If after the bond lengths are summed, the total is equal to the oxidation number of 
the central ion (± 0.2) then the model is considered reasonable. If the total is less than the 
oxidation number (± 0.2) then the ion is underbonded and the bond lengths are too long. 
Conversely if the total is more than the oxidation number (± 0.2) then the ion is overbonded 
and the bond lengths are too short.285, 286 
𝑺𝒊𝒋 = 𝒆𝒙𝒑 (
𝑹𝒐 − 𝑹𝒊𝒋
𝑩
) 
Equation 2.7 
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Chapter 3: Analysis of samples collected from South Terras  
 
3.1 Introduction 
The following chapter presents the results of the analyses carried out on the spoil and soil 
samples taken from South Terras in July 2015. The samples were characterised using a set 
of techniques and methods to establish their chemical and physical properties, such as pH, 
percentage of organic matter and mineral phases present. PXRD was carried out to identify 
the mineral phases present within the samples. Loss on ignition (LOI) was used to 
investigate the percentage organic material present in the sample.  The pH of the samples 
was measured, as this can fundamentally affect the oxidation state (and therefore speciation 
and stability) of uranium, and other redox sensitive metals (e.g. iron and manganese). 
Sequential extraction was carried out to investigate which phase the uranium was 
associated with. This can be used to estimate how stable the uranium is within the samples 
taken and whether they are likely to be mobile under conditions found at the South Terras 
locality. Finally, batch experiments were carried out on the mine spoil to investigate its 
stability under different pH conditions.  
Two sites at South Terras were sampled – the former ore processing floor (OPF) and a spoil 
heap (MS) (Figure 2.1). The OPF and MS samples registered a count of ~800 cps and 
~2000 cps, respectively on a Geiger-Müller counter. The samples were dried in an oven at 
80⁰C before being separated into > 2 mm and < 2 mm size fractions, using a laboratory 
sieve shaker. The >2 mm fraction was crushed to a size of <1 mm before use in further 
experiments to increase surface area and give the spoil a more uniform particle size. The <2 
mm size fraction of both MS and OPF samples was further separated into five size fractions 
(<63 μ, 63-125 μ, 125-250 μ, 250 μ -1 mm and 1 -2 mm), by sieving with a laboratory sieve 
shaker, and were analysed both separately and as a bulk sample. Samples were analysed 
by size fraction as this can give an indication of which fraction the uranium is associated 
with; clay (< 2 micron diameter), silt (2 – 50 micron diameter) or sand (20 micron – 2 mm 
diameter).65 Some of the > 2 mm size fraction from the MS sample was spread out in a tray 
and monitored using a Geiger-Müller counter. Individual sub-samples with activity ≥ 100 cps 
were separated and labelled High Radioactivity bulk (HR) sample. This was not carried out 
for the OPF sample as there were no individual samples of > 100 cps activity identified. 
There were a number of HR spoil samples which had areas of yellow-green material (see 
Figure 3.1). It was these areas which had the highest radioactivity. An SEM image was taken 
of the yellow-green material and the images which were obtained showed crystals that were 
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tabular and square to rectangular in appearance (Figure 3.2), consistent with a layered 
uranyl phase such as metatorbernite (Cu(UO2)2(PO4)2.8H2O).199, 202, 203 
 
 
Figure 3.1: Photo of HR sample – areas of green-yellow crystals which were particulaly radioactive (as identified 
by a Geiger-Müller counter) are indicated by red arrows. 
 
 
Figure 3.2: SEM image of highly radioactive yellow-green crystals from HR sample, showing tabular square-
rectangular crystals. 
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3.2 Results from analysis of PXRD data collected on South Terras samples 
An overview of the main crystalline phases found in the different size fractions and bulk 
fractions of the OPF and MS samples is shown in Table 3.1. The PXRD patterns of the bulk 
samples are shown in Figure 3.3 and Figure 3.4 (the patterns of all size fractions can be 
found in Appendix 1). The mineral phases identified as present in each of the samples are 
consistent across the size fractions. Quartz (SiO2) and muscovite (KAl2(Si3AlO10)(OH,F)2) are 
found at both locations and in all size fractions. Kaolinite (Al2Si2O5(OH)4) and magnetite 
(Fe3O4) are found in all size fractions of the MS sample, but not in the OPF sample. The only 
variation in the OPF samples was the presence of shorl (NaFe3Al6(BO3)Si6O18(OH) and 
jarosite ((K, H3O)Fe3(SO4)2(OH)6), which were detected only in the smallest and largest size 
fractions of the OPF sample. All of the minerals listed in Table 3.1 have been previously 
reported at South Terras.29, 287 
Table 3.1: Overview of mineral phases found in mine spoil and ore processing samples. Blue shading indicates 
the presence of a phase; white shading indicates its absence. The numbers in square brackets are the card 
reference of the powder diffraction pattern in the International Centre for Diffraction Data (ICDD) database.288 
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Figure 3.3: PXRD pattern of MS bulk with assignment of reflections to mineral phases. 
 
 
 
Figure 3.4: PXRD pattern of OPF bulk with assignment of reflections to mineral phases. 
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As no uranium phases were identified in the samples from any size fraction that were 
selected for PXRD analysis, it was decided to target more active samples. The focus was 
placed on the HR sample, as there was a higher concentration of uranium detected by ICP-
MS analysis (see Section 3.3) and the radioactivity was found to be higher when monitored 
with a Geiger-Müller counter (Section 3.1). Within the HR sample, ten sub-samples were 
selected based on the visible presence of highly radioactive green-yellow crystals. These 
samples were labelled HR 001 – 010 and were then crushed using a pestle and mortar and 
analysed by PXRD. Analysis of the PXRD patterns (Table 3.2, Figure 3.5 and Figure 3.6) 
identified the presence of metatorbernite (Cu(UO2)2(PO4)2.8H2O). However, about half had 
an unidentified phase, the observed reflections of which were not found to match any in the 
ICDD database. This phase had a similar pattern to metatorbernite, but all the reflections 
were shifted to a lower 2θ value. This indicated that a phase similar to metatorbernite was 
forming, but with a larger cell parameter, indicating an ion of bigger size could be substituted 
into the phase. The arsenic detected by ICP analysis suggested that this phase could be 
taking up arsenate in the place of phosphate. 
 
Table 3.2: Overview of mineral phases found in high activity mine spoil samples. Blue shading indicates the 
presence of a phase; white shading indicates its absence. The numbers in square brackets are the reference to 
the powder diffraction patterns in the International Centre for Diffraction Data (ICDD) database.288 The * symbol 
indicates a sample with both metatorbernite and the unknown metatorbernite-type phase present. The † symbol 
indicates that only the metatorbernite-type phase was present. 
 
QUARTZ 
(SiO2) 
[46-1045] 
METATORBERNITE 
(Cu(UO2)2(PO4)2.8H2O) 
[04-01-9884] 
JAROSITE 
[36-427] 
HR 001 *    
HR 002 *    
HR 003 †    
HR 004 *    
HR 005 †    
HR 006    
HR 007 *    
HR 008 *    
HR 009 †    
HR 010    
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Figure 3.5: PXRD patterns of ten highly active mine spoil sample with assignment of reflections to mineral 
phases. 
 
Figure 3.6: Expanded 2theta region (15-35°) of figure 3.6. While the metatorbernite peaks – marked with a star – 
match closely to some of the patterns (i.e. HR010, in orange) there is a shift to lower 2θ values for other patterns 
(i.e. HR001, in light blue). 
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When the data for the metatorbernite-type phase were compared to the metatorbernite 
analogue containing arsenic, metazeunerite (Cu(UO2)2(AsO4)2.8H2O) the reflections appear 
to fall between those of metatorbernite and metazeunerite (see Figure 3.7). This suggests 
the phases present in the mine spoil samples may be members of a metatorbernite-
metazeunerite solid solution (Cu(UO2)2(PO4)2-x(AsO4).nH2O).  
 
 
Figure 3.7: PXRD pattern of HR 001 indicating a possible metatorbernite-metazeunerite solid solution. In this 
sample a smaller amount of pure metatorbernite is present, as can be seen from the shoulders on the reflections. 
 
Due to the small volume of the individual HR samples, it was necessary to combine them, in 
order to have enough for subsequent analysis. Samples were taken from HR 001-010 and 
crushed in a pestle and mortar until a sample of about 10 g was obtained. PXRD analysis 
was then carried out on this sample (Figure 3.8). This sample was representative of the mine 
spoil taken from South Terras, as it contained a mixture of pure metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) and metatorbernite-type phases  (Cu(UO2)2(PO4)2-x(AsO4).nH2O). All 
further analysis on high activity samples was carried out on this bulk sample (labelled bulk 
HR), unless stated otherwise. 
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Figure 3.8: PXRD pattern of bulk high activity sample with assignment of reflections to mineral phases. A larger 
amount of quartz is present, but a significant amount of the metatorbernite-metazeunerite solid solution is still 
observed. 
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3.3 ICP analysis of South Terras samples  
Figure 3.9 and Figure 3.10 show the metal elements present in the results of the ICP-OES 
analysis of the MS and OPF samples. The metal found in the highest concentrations at 
South Terras is iron, which is unsurprising given that the site was once used to mine iron 
and that iron is the second most common element in the Earth’s crust.65 Iron was found in 
quantities of ~95000 – 220000 ppm in the MS sample and ~35000 – 280000 ppm in the 
OPF sample. In all but the smallest (<63 µm) fraction of the OPF samples, the metal found in 
the second highest concentration is aluminium, and this is the most common element in the 
Earth’s crust.65 This was found at levels of ~8500 – 23000 ppm in the MS samples and 
~6500 – 18000 ppm in the OPF.  
Arsenic is found in high concentrations in both the MS and OPF samples (~7000 – 13000 
ppm in the MS sample and ~4300 – 21000 ppm in the OPF sample). In the <63 µm OPF 
sample this metal has the highest concentration after iron. This metal has been commercially 
mined in Cornwall before, both on its own and as a by-product of tin and copper mining, 
though not in the locality of South Terras.139 High concentrations of arsenic have been noted 
at the South Terras site by previous authors.145, 289 
Magnesium and potassium are found in high concentrations at both sites of the two 
locations. Magnesium was found at levels of ~1500 – 3200 ppm and ~1100 – 2200 ppm in 
the MS and OPF samples respectively. Potassium was found at levels of ~2200 – 5800 ppm 
and ~1300 – 8500 ppm in the MS and OPF samples respectively These bind to organic 
matter and clays and may also form part of secondary minerals, such as muscovite 
(KAl2(Si3AlO10)(OH,F)2) and jarosite ((K, H3O)Fe3(SO4)2(OH)6)65. Lead is also present at both 
locations, in amounts of ~2300 – 3800 and  ~780 - 5400 ppm in the MS and OPF samples, 
respectively. Previous authors have noted the presence of Galena, (PbS) at the site141, 
however, no crystalline lead phases were identified in the samples examined. Lead is a 
decay product of uranium and again, high levels have also been noted by previous 
authors.289 
The main differences between the two locations are the higher amounts of copper and 
uranium found in the MS sample. Copper is found at ~1300 – 2500 ppm in the MS sample 
compared with ~ 350 – 1400 ppm in the OPF sample. Similarly, uranium was found at ~2600 
– 4600 ppm and ~60 – 590 ppm in the MS and OPF samples respectively. Copper and 
uranium are found in metatorbernite (Cu(UO2)2(PO4)2.8H2O, which was identified as present 
at the site by analysis of the PXRD data (see Section 3.2) and therefore higher amounts of 
these elements would be consistent with the presence of metatorbernite or metatorbernite-
type phases in the waste spoil heaps.  
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Figure 3.9: ICP-OES analysis of MS size fractions and bulk sample. All elements (top), without iron and 
aluminium (bottom). The analysis was repeated three times for each sample and the large errors are due to the 
heterogenous nature of the natural samples. 
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Figure 3.10: ICP-OES analysis of OPF size fractions and bulk sample. All elements (top), without iron and 
aluminium (bottom). The analysis was repeated three times for each sample and the large errors are due to the 
heterogenous nature of the natural samples.  
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The HR001 and HR bulk samples were also analysed by ICP-OES (see Figure 3.11 and 
Figure 3.12, respectively). Copper, arsenic, phosphorus and uranium were observed at 
quantities of ~38000, 62000, 49000 and 420000 ppm respectively in the HR001 sample. 
This provided further evidence that the copper, arsenic and phosphorus may be associated 
with the uranium to form a metatorbernite-type solid solution. In the bulk HR sample these 
elements were present in quantities of ~1600, 6500, 1600 and 6700 ppm respectively. The 
bulk high activity sample is more heterogeneous than the HR 001 sample and there are 
higher amounts of lead, aluminium and iron present. The sample is not single phase and the 
aluminium may be associated with clay minerals, for example muscovite 
(KAl2(Si3AlO10)(OH,F)2), while the iron may be from magnetite (Fe3O4), which was present in 
the bulk samples. The high levels of lead at South Terras have been noted earlier in this 
section. 
 
 
Figure 3.11: ICP-OES analysis of HR001. It can be seen that U, P, Cu and As are found in comparatively large 
amounts, consistent with a Cu(UO2)2(PO4)2-x(AsO4).nH2O solid solution. 
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Figure 3.12: ICP-OES analysis of bulk HR sample. The sample is more heterogeneous than the HR 001 sample 
with higher amounts of Al, Fe and Pb. 
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3.4 Loss on Ignition (LOI) 
LOI is a relatively cheap simple way to determine the percentage of organic matter within a 
sample. Organic matter is an important component of soil and can affect its properties such 
as pH and moisture levels. Figure 3.13 shows the percentage of organics in the size factions 
of the OPF and MS samples. The percentage organics in the OPF sample remained 
comparatively constant (~6-12%), while the MS sample showed more variation (~6-23%). 
This may be due to the fact that the MS sample was more heterogenous than the OPF 
sample. The larger size fractions in the MS sample were largely mineral in character, where 
the smaller fractions were more ‘soil-like’ in composition. Therefore, while the percentage 
organic component remained consistent in the OPF sample, it varied in the MS sample.   
LOI was also carried out on bulk samples at 500⁰C under air for 2 hours (see Chapter 2 for 
full experimental conditions) and the results are presented in Figure 3.14. A percentage of 
~8% and ~15.5% for the organic material of OPF and MS samples was measured 
respectively. These values are in good agreement with the size fraction samples.  The HR 
sample had a percentage of ~4.4% organic material and this fits with the >2mm MS fraction 
which has an organic percentage of ~6.2%. The HR bulk sample was analysed by PXRD 
before and after LOI and the results are shown in Figure 3.15. After heating for 2 hours at 
500ºC, the metatorbernite-type pattern was no longer observed (Figure 3.15). Metatorbernite 
is known to dehydrate between ~50ºC to 450ºC193, however, to check that the uranium was 
not lost with the volatile organic fraction, samples were digested both before and after LOI 
and analysed by ICP-OES (Figure 3.16). From these data, it can be shown that, although the 
crystal structure of the uranium phase breaks down when heated, it is not associated with 
volatile organics. The metatorbernite-type phases were heated to temperatures of ~475K at 
the Diamond Light Source (DLS), to investigate their behaviour as a function of temperature; 
the results of these experiments are presented and discussed in Chapter 5. 
  
 
Figure 3.13: LOI results for MS (left) and OPF (right) size fractions. 
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Figure 3.14: LOI of bulk OPF, MS and HR samples. The Bulk MS and OPF samples have a percentage of 
organic material consistant with the size fractions.  
 
 
 
Figure 3.15: PXRD patterns of Bulk HR sample before and after LOI. It can be observed that the metatorbernite-
type pattern is no longer observed after heating. 
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Figure 3.16: ICP-OES analysis of bulk HR sample before and after LOI. No loss of any of the elements, 
associated with metatorbernite-metazeunerite phases, is observed.  
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3.5 pH 
The pH results are shown in Figure 3.17 for the MS and OPF size fractions, respectively. 
The MS samples are slightly more acidic (~4.8 – 5.3) than the OPF samples (~5.1 – 5.9). 
The pH was also measured in the bulk samples (Figure 3.18), with the MS bulk sample 
having a pH of 5.2 and the OPF bulk sample a pH of 5.6, which corresponds well with the 
data for the size fractions. The HR sample had a pH of 6.6, which is slightly higher than the 
bulk MS sample. The differences in pH may be linked to the organic content (see Section 
3.4). Organic material in soil is composed of humic and fulvic acids (alongside humin) which 
are a source of H+ ions.65 The bulk MS material, which is observed to have the highest 
percentage organic material (15.5%), has the lowest pH (5.2). Conversely, the HR bulk 
sample had a percentage organic material of 4.4% and a pH of 6.6. 
  
 
Figure 3.17: pH results for MS size fractions (left) and OPF size fractions (right). 
 
 
Figure 3.18: pH of bulk OPF, MS and HR samples. The pH increases as the amount of organic material 
decreases. 
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3.5 Sequential extraction 
Results of the sequential extraction carried out on the OPF and MS size fractions and bulk 
samples are shown in Figure 3.19 and Figure 3.20 (see Chapter 2, Table 2.1 for a summary 
of the experimental conditions). In every sample analysed, the residual phase contained the 
greatest percentage of uranium. This is indicative of the uranium being relatively insoluble 
and associated with a mineral phase (or phases) and confirms previous work which has 
found that the mine is not a large source of contamination outside the immediate vicinity.147, 
150, 151, 290 The fraction with the next highest concentration of uranium is the organic fraction. 
Uranium is known to have a high affinity for humic and fulvic acids, so this is not 
unexpected.68, 73 After their release from the organic phase, via degradation of the humic and 
fulvic acids the uranium will be present as the soluble [UO2(CO3)2]2- ion, due to the pH and 
Eh of the solutions, which was at 7.5 and ~0.25 respectively (see Figure 3.21). There is an 
inverse relationship in that the amount of uranium associated with the organic fraction 
decreases as the particle size increases; organics are known to form a coating on the 
outside of the mineral fraction, and so the smaller the surface area the smaller the 
associated organic coating.67, 68, 77, 291, 292 Carbonates are also known for their affinity with the 
uranyl ion108, 293, 294, however, in our samples, comparatively little uranium is associated with 
this phase (4.8 – 11.4% and 4.6 – 10.9 in the OPF and MS samples respectively). The ICP 
results (Section 3.4) showed a high amount of iron in the OPF and MS samples. Additionally, 
magnetite was identified by PXRD (see Figure 3.3) and uranium is known to adsorb onto the 
surface of magnetite295-297 ,296,297, however, comparatively little uranium is associated with the iron 
or manganese oxides (0.32 – 4.3% and 0.8 – 10.6, in the OPF and MS samples 
respectively), which suggests most of the uranium is present in a non-iron containing 
mineral. The least significant fraction in all size fractions is the exchangeable fraction, which 
again agrees with previous findings that the uranium at this site is not very mobile.143, 151 
The sequential extraction results for the HR bulk sample are shown in Figure 3.22. 88% of 
the total extractable uranium is found in the residual fraction. The organic fraction is less 
significant here than in the MS or OPF samples; 3.8% was associated with this fraction. This 
correlates with the LOI results – the HR sample had a smaller percentage of organic material 
than the OPF or MS samples. A further 3.8% was associated with the carbonate fraction, 
again this is less than was associated with the OPF and MS samples. The Fe/Mn fraction 
was associated with 8.3% of the extractable uranium. The HR bulk sample contained 
~67000 and 233 ppm of iron and manganese respectively – so the uranium here is likely to 
be associated with the iron, again probably with magnetite or, potentially, with goethite and 
ferrihydrite which are poorly crystalline or amorphous.298  
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Figure 3.19: Results of sequential extractions on OPF Size fractions and bulk sample. The x-axis gives the 
particle size, while the y-axis gives the percentage of uranium associated with each fraction, as a fraction of the 
total extracted. 
 
Figure 3.20: Results of sequential extractions on MS Size fractions and bulk sample. he x-axis gives the particle 
size, while the y-axis gives the percentage of uranium associated with each fraction, as a fraction of the total 
extracted. 
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Figure 3.21: Pourbaix diagram of the U-CO2-water system giving details of the dominiant U species at specific 
conditions of pH and Eh in the presence of carbonate.299 
 
 
Figure 3.22: Results of sequential extractions on the HR bulk sample. Most U (~88%) is found in the residual 
fraction. 
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3.6 Stability of South Terras samples  
The stability of the South Terras samples was investigated using the HR bulk samples. 
These samples were chosen as the higher concentration of uranium meant the uranyl 
phases were observed in the PXRD data, where they were not in the MS and OPF samples.  
A bulk HR sample was placed in different solutions to test their stability under different pH 
conditions. Alongside the solutions of different pH (H2SO4 (pH 1.1), NaOH (pH 13.2), citric 
acid (C6H8O7 – pH 3.0), NH4HCO3 (pH 8.0), NaHCO3 (pH 8.2), KHCO3 (pH 8.3) and mineral 
water (pH 7.4)) a solution of concentrated reverse aqua regia (RAR) was used to obtain a 
working ‘total’ value for extractable uranium in the solution.300 The percentage of each 
element removed was obtained using Equation 3.1.  
𝑬𝒍𝒆𝒎𝒆𝒏𝒕 𝒍𝒆𝒂𝒄𝒉𝒆𝒅 (𝒑𝒑𝒎)
𝑻𝒐𝒕𝒂𝒍 𝒆𝒍𝒆𝒎𝒆𝒏𝒕 𝒍𝒆𝒂𝒄𝒉𝒆𝒅 𝒊𝒏 𝑹𝑨𝑹 (𝒑𝒑𝒎)
𝒙 𝟏𝟎𝟎 = % 𝒆𝒍𝒆𝒎𝒆𝒏𝒕 𝒍𝒆𝒂𝒄𝒉𝒆𝒅 
Equation 3.1  
 
The elements leached as a percentage, relative to RAR, is shown in Figure 3.23. KHCO3 
was the most effective at leaching uranium, removing around 73% of the total. H2SO4 was 
the second most effective, leaching around 53%. The NaHCO3 and NH4HCO3 leached 45 
and 44% uranium respectively. The H2SO4 solution was at around pH 1.1 and, according to 
Figure 3.21, the extracted uranium would be in the soluble UO22+ form at this pH and at the 
oxidising Eh of the experimental system, which is in agreement with the data. Similarly, in 
the NH4HCO3, NaHCO3 and KHCO3 (all around pH 8 and again at oxidising Eh) the uranium 
would be present as the soluble UO2(CO3)2(H2O)22- ion. The citric acid, NaOH and mineral 
water extracted less uranium (~ 8.6, 1.6, and 1.5 % respectively).  In the case of citric acid, 
this may be due to the citric acid being a weaker acid than the H2SO4; fewer molecules 
would be deprotonated and therefore less H+ ions would be available to take part in the 
dissolution reaction with the metatorbernite-type phase. Alternatively, the citric acid may be 
reacting with other components in the HR bulk sample to precipitate as citrate.301 According 
to Figure 3.21, the uranium in the NaOH sample would be expected to be present as the 
soluble [UO2(CO3)3]4- ion at pH 13.2. However, the NaOH has only extracted 1.6% of the 
uranium. This implies an additional precipitation reaction may be occurring to cause the 
uranium to remain in the solid phase. These reactions will be discussed further in Chapter 6. 
Uranyl phosphates are known to be extremely insoluble under circum-neutral pH and the 
sample in the mineral water at pH 7.4 has only extracted 1.5% of the uranium.168, 302  
Therefore, the inclusion of arsenate in the crystal lattice does not appear to have made the 
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Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution more soluble at circum-neutral pH than pure 
metatorbernite.  
 
 
Figure 3.23: Elements leached into solution from bulk HR sample. Acidic and weakly basic solutions leach the 
most uranium into solution. 
 
The HR samples were analysed by PXRD after filtration from the solutions (Figure 3.24) and 
the results suggested some differences in the way that the solutions were interacting with 
the metatorbernite-type phase. No change is observed in the sample placed in mineral water 
implying that, as expected, the metatorbernite-type phase doesn’t undergo any change after 
a week in conditions similar to those found at the mine site. After immersion in H2SO4, 
NaOH, NaHCO3 and KHCO3 the metatorbernite-type phase was found to break down 
completely, leaving only quartz, as identified by PXRD. This was not the case with either 
citric acid or NH4HCO3; peaks from the metatorbernite-type phase were clearly visible after a 
week in these solutions. The different reactions of the bicarbonate solutions were 
investigated further using the MS samples (see Section 3.7). It was further decided to 
investigate the stability of synthetic Cu(UO2)2(PO4)2-x(AsO4)x.nH2O analogues in solutions of 
different pH, to investigate further how the composition of the solid solution affected its 
behaviour. The results are presented and discussed in Chapter 6. 
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Figure 3.24: PXRD patterns for HR bulk samples in different leaching solutions. The PXRD data also indicates 
that there is a trend towards acidic and weakly basic solutions (with the exception of NH4HCO3) having the most 
impact on the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. 
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3.7 Stability of South Terras samples – Bicarbonate experiments 
MS samples were left in solutions of different 0.5M bicarbonate solutions (NH4HCO3, 
NaHCO3 and KHCO3) for up to six months to investigate the how they interacted with the 
spoil over time. The MS sample was used as there was not enough HR sample to conduct 
these experiments. This meant that the composition of the sample would be multi-phase; 
therefore, every sample was repeated in triplicate to obtain an average value of elements 
extracted from the sample. A solution of concentrated reverse aqua regia (RAR) was used to 
obtain a working ‘total’ value for extractable elements in the sample (see Equation 3.1 for 
working). The OPF sample was not used as the amount of uranium in this sample was 
around ten times lower than the MS sample. The elements focused on were As, Cu, P and 
U, as these are components of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution. Figure 3.25 
shows copper leached as a percentage over time from the mine spoil. Mineral water (pH 7.4) 
was used as a control during this experiment, to replicate surface water. However, the pH of 
the surface water at South Terras was around 5.3 – 6.0 so this was not a perfect analogue. 
Further work should involve immersing the mine samples in water which mimics the pH and 
composition of that found at South Terras. 
No copper was leached from the spoil which was left in the mineral water over the whole six 
month period. The copper leached from the spoil in 0.5 M NaHCO3 and KHCO3 increased 
over a period of two months to around 26.7% to 24.7% respectively, after which time no 
increase was observed. In the first two weeks, the 0.5 M NH4HCO3 solution closely followed 
the pattern of the NaHCO3 and KHCO3 solutions, increasing to around 20.9% at 2 weeks. 
After this, however, a higher amount of copper in solution was observed. At two months 
around 34.1% copper was in solution and this remained at around the same level for the 
remainder of the experiment. The difference in the copper leached from the mine spoil over 
the six month period indicates there may be a difference in the way the spoil is interacting 
with the different bicarbonate solutions. This was investigated further with the use of 
synthetic analogues (see Chapter 6). 
Figure 3.26 shows the uranium leached to solution from the mine spoil by the different 
bicarbonate solutions. Again, the mineral water did not result in any release of uranium into 
solution over the six-month period investigated. The amount leached by the 0.5 M NaHCO3 
and KHCO3 solutions increased rapidly over the first month to around 90.1% and 88.6% 
respectively. The levels then stayed constant until around three months after which time they 
declined slightly around to 65.6% and 71.6% respectively. The 0.5 M NH4HCO3 solution 
differs in that it takes a longer period of around 2 months for the amount of uranium in 
solution to reach a maximum level (~83.7%) before again the amount declines to around 
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72.9% at 6 months. The decline of uranium in solution may be due to the formation of 
insoluble complexes formed with other elements released to solution from the MS sample by 
the bicarbonate.  
The arsenic and phosphorus released into solution over the six-month time period are shown 
in Figure 3.27 and Figure 3.28 respectively. Both show an increase in solution over six 
months in the three bicarbonate solutions. The arsenic has increased to ~ 34.7 – 39.3% and 
still looks to be increasing after the six-month mark. Phosphorus increased to ~ 44.7 – 
46.1% in all three bicarbonate solutions over six-months and the level in solutions appears to 
have stabilised over the last two months.  The difference in behaviour may be due to arsenic 
leaching from phases other than the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution in the MS 
samples. Arsenic is known to be present at South Terras in high levels. This has been 
observed both in this work (see Figure 3.9 and Figure 3.10) as well as in other research.10, 
145 These phases may still be reacting with the bicarbonate solution at the six-month mark. 
 
 
Figure 3.25: Cu in solution (as a percetage of total extractable element leached using RAR) after interaction with 
different 0.5 M bicarbonate solutions over  six months. 
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Figure 3.26: Uranium leached to solution (as a percetage of total extractable element leached using RAR) after 
interaction with different 0.5 M bicarbonate solutions over six months. 
 
 
 
Figure 3.27: Arsenic leached to solution (as a percetage of total extractable element leached using RAR)  after 
interaction with different 0.5 M bicarbonate solutions over six months. 
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Figure 3.28: Phosphorus leached to solution (as a percetage of total extractable element leached using RAR) 
after interaction with different 0.5 M bicarbonate solutions over six months. 
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3.8 Conclusions 
The samples taken from the South Terras site in July 2015 were analysed using a 
combination of different techniques, such as PXRD, ICP-OES and sequential extraction. The 
LOI and pH analysis indicated that the percentage organic material in the samples had a 
direct impact on the pH. The organic material contains humic and fulvic acids which are a 
source of H+ ions and lower the pH. Therefore, there was an inverse relationship between 
the percentage organic material and the pH of the sample. Sequential extraction of MS and 
OPF samples indicated that the uranium was associated primarily with the residual, or 
mineral phases. This correlated with previous research carried at South Terras which 
concluded that the uranium at the site was not very mobile.150, 151, 290 
Using a Geiger-Müller counter, samples of high radioactivity (HR) were identified. These 
were analysed using SEM, which showed the presence of tabular crystals. PXRD analysis of 
these crystals indicated the presence of metatorbernite (Cu(UO2)2(PO4).8H2O) and a 
metatorbernite-metazeunerite (Cu(UO2)2(PO4)2-x(AsO4)x.nH2O) solid solution. The presence 
of metatorbernite-type phases was also indicated by ICP analysis, which showed high levels 
of uranium, phosphorus, arsenic and copper in the HR samples.  
The HR samples were immersed in solutions of different pH leaching solutions to investigate 
the stability of the metatorbernite-type phases. H2SO4 and bicarbonate solutions (NH4HCO3, 
NaHCO3 and KHCO3) were found to be the most effective at leaching uranium from the 
sample to solution. PXRD analysis of the samples following immersion in the leaching 
solutions indicated that there may be a difference in the way the bicarbonate solutions 
interacted with the HR sample; NaHCO3 and KHCO3 appeared to breakdown the 
metatorbernite-type phases, while NH4HCO3 did not. This was investigated further by placing 
MS samples in bicarbonate for up to six months. The higher levels of copper leached by the 
NH4HCO3 again indicated that there may be a difference in the interactions occurring 
between the metatorbernite-type phases and the bicarbonate solutions. This will be 
investigated further in Chapter 6. 
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Chapter 4: Synthesis, solid solution formation and characterisation 
of metatorbernite-type phases in the (Cu(UO2)2(PO4)2-x(AsO4)x.nH2O) 
system 
 
4.1 Introduction 
In the previous chapter, it was concluded that a solid solution with the formula 
Cu(UO2)2(PO4)2-x(AsO4)x.nH2O was present in the High Radioactivity (HR) mine spoil 
samples taken from the South Terras mine. The HR samples reacted differently when 
immersed in different bicarbonate solutions (NH4HCO3, NaHCO3 and KHCO3). To 
investigate this further, using samples of a more controlled composition, synthesis of a solid 
solution, with the general formula Cu(UO2)2(PO4)2-x(AsO4)x.nH2O  (where x = 0, 0.2, 0.4, 0.5, 
0.6, 0.8, 1, 1.2, 1.4, 1.5, 1.6, 1.8 and 2) was carried out. This would allow studies into 
whether a material with a PXRD pattern matching the HR 001 sample could be obtained. 
Following on from this work, analysis of the synthetic solid solution samples was carried out 
by ICP-OES, IR and Raman Spectroscopy and TGA/DSC. The synthetic samples were then 
used to investigate the stability of the different Cu(UO2)2(PO4)2-x(AsO4)x.nH2O members of 
the solid solution under variable conditions of pH and in the presence of carbonate (see 
Chapter 6).   
The method used to synthesise the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O samples was adapted 
from a simple precipitation method/procedure during which copper chloride (CuCl2) is mixed 
with uranyl nitrate hexahydrate (UO2(NO3)2.6H2O) and different ratios of arsenic acid 
(H3AsO4) and/or phosphoric acid (H3PO4) dependent on the target composition.203 The 
reaction mixtures were placed in an oven at 60 ºC for 48 h after which time a green 
precipitate was observed to form.  The precipitation reaction is believed to proceed 
according to Equation 4.1, where X can be P or As. 
𝟐(𝑼𝑶𝟐)(𝑵𝑶𝟑)𝟐 (𝒂𝒒) + 𝟐𝑯𝟑𝑿𝑶𝟒 (𝒂𝒒) + 𝑪𝒖𝑪𝒍𝟐 (𝒂𝒒) + 𝒏𝑯𝟐𝑶 (𝒍)  
=   𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑿𝑶𝟒)𝟐. 𝒏𝑯𝟐𝑶(𝒔) + 𝟒𝑵𝑶𝟑
− (𝒂𝒒) +  𝟔𝑯+ (𝒂𝒒) + 𝟐𝑪𝒍− (𝒂𝒒) 
Equation 4.1 
The precipitates were then filtered under vacuum and dried in an oven at 40⁰C until a 
constant weight was achieved. After drying, the samples were imaged using SEM, and 
tabular crystals were observed, consistent with the morphology of metatorbernite-type 
phases. An SEM image of the synthetic metatorbernite end-member (Cu(UO2)2(PO4)2.8H2O) 
is shown in Figure 4.1. SEM Images of five members of the solid solution are shown in 
Appendix 1. 
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Figure 4.1: SEM image of the platey crystals of the Cu(UO2)2(PO4)2.8H2O sample. 
 
PXRD data were collected on the samples both immediately after filtration and after drying in 
an oven at 40ºC until a constant weight was achieved. The PXRD data for the 
Cu(UO2)2(PO4)2.nH2O and Cu(UO2)2(AsO4)2.nH2O are shown in Figure 4.2 and Figure 4.3, 
respectively. The PXRD pattern for the Cu(UO2)2(PO4)2.nH2O sample does not change after 
drying. Conversely the Cu(UO2)2(AsO4)2.nH2O pattern changed significantly after drying. 
This will be discussed further in Sections 4.2 and 4.3. 
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Figure 4.2: PXRD pattern of Cu(UO2)2(PO4)2.8H2O before and after drying at 40⁰C; no significant difference is 
observed. 
 
 
Figure 4.3: PXRD pattern of Cu(UO2)2(AsO4)2.nH2O before and after drying at 40⁰C. The patterns are very 
different indicting structural differences between the wet and dry samples. 
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4.2 PXRD Pattern of metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
The PXRD pattern for the synthesised metatorbernite (Cu(UO2)2(PO4)2.8H2O) sample is 
shown in Figure 4.4. Comparison to the ICDD database found 8 entries for metatorbernite 
(Cu(UO2)2(PO4)2.8H2O). The pattern was found to be a good match to PDF (Powder 
Diffraction File) 04-01-9884 and confirms metatorbernite has been successfully synthesised. 
Some small peaks in Figure 4.4 may relate to an impurity phase, but this could not be 
identified.  04-01-9884 is quality marked ‘S’ in the ICDD database – this denotes a pattern of 
high quality – well characterised with no unindexed reflections. This entry has been assigned 
the space group P4/n by the authors.161 The pattern was therefore indexed in the P4/n space 
group and the hkl values are given in Appendix 2. It can be observed that while the 2θ 
values match well, there is some discrepancy with the intensities. The most intense peak for 
card 04-01-9884 is the 104 reflection (~28° 2θ). In our data the 110 reflection is the most 
intense (~21° 2θ). This implies that there may be some preferred orientation occurring in 
these samples.  
 
 
Figure 4.4: PXRD pattern of metatorbernite sample with ICDD card 04-012-9884. There are some small peaks 
which may relate to a poorly crystalline impurity phase (marked with black arrows). 
 
110 
 
4.3 PXRD Pattern of zeunerite (Cu(UO2)2(AsO4)2.12H2O) and metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) 
The PXRD pattern for the Cu(UO2)2(AsO4)2.nH2O before drying is shown in Figure 4.5. There 
were 3 entries for zeunerite in the ICDD database and the sample was found to be a good 
match to PDF 04-012-9883 (quality marked ‘S’). PDF 04-012-9883 has been assigned space 
group P4/nnc, by the authors.161 The pattern obtained in this work was indexed in the P4/nnc 
space group and the hkl indices are given in Appendix 3. Zeunerite 
(Cu(UO2)2(AsO4)2.12H2O) was therefore formed during the synthesis, and further drying was 
needed to form metazeunerite. There were found to be 5 entries for metazeunerite in the 
ICDD database, with a number of different space groups assigned by different authors161, 182, 
227, 229 (see Chapter 1). The pattern for metazeunerite is shown in Figure 4.6 and was found 
to be a good match for PDF 04-014-8463 (quality marked I in the ICDD, i.e. a pattern of high 
quality with no unindexed strong reflections). As for the metatorbernite phase, there were 
some unassigned peaks which may relate to a poorly crystalline impurity phase. Again, the 
pattern was indexed and the hkl indices are given in Appendix 4. Unlike metatorbernite, 
metazeunerite was found to crystallise in the P4/ncc space group. This change in space 
group will be discussed further in Chapter 5. Both the zeunerite and metazeunerite patterns 
have different intensities, when compared to the ICDD entries and as for the metatorbernite, 
this could indicate problems with preferred orientation.  
  
 
Figure 4.5: PXRD pattern of zeunerite sample with ICDD card 04-012-9883; a good match is observed. 
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Figure 4.6: PXRD pattern of synthesized metazeunerite crystals with ICDD pattern 04-014-8463. There are some 
small peaks which may relate to a poorly crystalline impurity phase (marked with black arrows). The peak at 
around 31° 2θ is due to a small amount of zeunerite remaining in the sample. 
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4.4 PXRD patterns of solid solution (Cu(UO2)2(PO4)2-x(AsO4)x.nH2O) 
Figure 4.7 shows the PXRD patterns of metatorbernite, metazeunerite and the 11 solid 
solution members (Cu(UO2)2(PO4)X(AsO4)X-2, 0>x>2).  The synthesis has resulted in the 
formation of a complete Cu(UO2)2(PO2)x-2(AsO4)x solid solution with no observed impurity 
phases. The patterns were indexed and the 2θ values and associated hkl indices are shown 
in Appendix 5. 
 
Figure 4.7: Complete Cu(UO2)2(PO4)X(AsO4)2-X.8H2O solid solution. A shift towards lower 2θ values can be 
observed as more arsenate is incorporated into the crystal lattice. 
 
As the amount of arsenate is increased the peaks shift to a lower 2θ position, which is due to 
the difference in size of the PO43- and AsO43- anions;  AsO43- is around 4% larger than PO43-. 
303, 304 As the phosphate is replaced by arsenate, the larger AsO43- anion is accommodated 
by an increase in the unit cell parameters. The refined unit cell parameters, Rwp and GoF 
values of the solid solution, were determined by carrying out a Pawley refinement using the 
Topas Academic software suite and are presented in Table 4.1. The observed, calculated 
and difference profiles from the Pawley fitting of the data collected on all solid solution 
members are presented in Appendix 6. The unit cell parameters are plotted as a function of 
x and shown in Figure 4.8. The increase in the c parameter is not linear, which would be 
expected by Vegard’s law.305 Vegard’s law assumes that in their pure form two end member 
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phases (i.e. metatorbernite and metazeunerite) have the same crystal structure and can 
form a solid solution. The lattice parameters within the solid solution are assumed to be 
related to the components of the solid solution, according to Equation 4.2, where dss is the 
lattice parameter of the solid solution, dMT and dMZ are the lattice parameters metatorbernite 
and metazeunerite), and x is the fraction of the second component present in the solid 
solution.306 
𝒅𝒔𝒔 = (𝟏 − 𝒙)𝒅𝑴𝑻 + 𝒙𝒅𝑴𝒁 
Equation 4.2 
 
Other investigations into the substitution of arsenate for phosphate in hydroxyapatite 
(Ca10(PO4)6(OH)2) and fluorapatite (Ca5(PO4)3F) systems also observed a non-linear 
increase in unit cell parameters, which the authors speculated was due to a difference in the 
orientation of the AsO43- ion in comparison to the PO43- ion.166, 167 The non-linearity of the c 
parameter in the Cu(UO2)2(PO4)X(AsO4)X-2.nH2O solid solution may be due to differences in 
the number of structurally incorporated water molecules. Torbernite and zeunerite are 
reported to have 12 water molecules incorporated in the structure and metatorbernite and 
metazeunerite are reported to have 8. A number of authors have suggested there may be 
some intermediate structures which may incorporate different numbers of water molecules 
and this may explain the non-linearity of c.161, 182, 236 
 
Table 4.1: Rwp, GoF and a and c refined unit cell parameters for the solid solution Cu(UO2)2(PO4)X(AsO4)2-
X.nH2O. An increase in a and c is observed as the amount of arsenate in the crystal lattice increases. 
X Rwp GoF a c 
0.0 2.22 1.43 6.977 (9) 17.340 (4) 
0.2 2.75 1.58 6.988 (4) 17.363 (2) 
0.4 3.31 1.68 6.999 (6) 17.367 (2) 
0.5 3.48 1.56 7.007 (5) 17.372 (2) 
0.6 3.31 1.97 7.012 (8) 17.376 (4) 
0.8 3.44 1.99 7.031 (9) 17.391 (3) 
1.0 3.47 1.85 7.050 (8) 17.420 (3) 
1.2 3.48 1.85 7.066 (1) 17.434 (3) 
1.4 3.19 1.98 7.078 (7) 17.425 (3) 
1.5 2.89 1.66 7.085 (5) 17.428 (2) 
1.6 3.47 1.96 7.096 (9) 17.443 (4) 
1.8 3.56 1.89 7.111 (7) 17.448 (2) 
2.0 2.85 1.63 7.129 (5) 17.459 (2) 
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Figure 4.8: a and c unit cell parameters plotted against x in the solid solution. A line of best fit is displayed for 
each of the a and c parameters, along with their equations.  The line of best fit for the a parameter is used in 
Section 4.5 to predict the composition of a natural Cu(UO2)2(PO4)X(AsO4)2-X.nH2O solid solution. The esd 
associated with the unit cell parameters is too small to be observed. 
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4.5 Determining the composition of the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid 
solution in natural samples 
The Pawley refinement method can be used to determine the unit cell parameters of the bulk 
HA sample and the HR 001 sample (see Chapter 3 for details of sample selection). The 
trendline for the a parameter in Figure 4.8 can then be used to give an estimate of the ratio 
of phosphate and arsenate present in the natural samples. Observed-calculated-differences 
plots from the Pawley refinements are shown in Figure 4.9 and Figure 4.10. The unit cell 
parameters, Rwp and GoF values from the Pawley refinements are shown in Table 4.2. 
 
Figure 4.9: Observed-calculated-differences plots from the Pawley refinement for HR 001 sample. Reflections at 
around 24.3°, 30.0°, 46.0° and 58.9° 2θ are due to the presence of quartz (marked as red sticks along x-axis). 
The pure metatorbernite phase was also included in the refinement (marked as green sticks). 
 
Figure 4.10: Observed-calculated-differences plots from the Pawley refinement for the bulk HA sample. 
Reflections at around 24.3°, 30.0°, 46.0° and 58.9° 2θ (marked as green sticks) are due to the presence of 
quartz. 
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Table 4.2: Parameters obtained from Pawley refinements for HA bulk and HR 001 sample. 
Phase Name Rwp GoF a (Å) c (Å) 
HR 001 2.2112 1.736 7.048 (4) 17.400 (1) 
Bulk HA 3.446 1.260 7.018 (6) 17.394 (2) 
 
The equation for the line of best fit for a (see Figure 4.8) is given in Equation 4.3. The 
equation for c could not be used as a linear fit was not observed. 
𝒚 =  𝟎. 𝟎𝟕𝟕𝟖𝒙 +  𝟔. 𝟗𝟕𝟎𝟕 
Equation 4.3 
 
The refined a value for the HR 001 sample was 7.060 Å. Using Equation 4.3, the value of x 
was calculated to be 1.15 (see Appendix 7 for working). The proposed formula of the 
metatorbernite-metazeunerite solid solution in sample HR 001 is 
Cu(UO2)2(PO4)0.85(AsO4)1.15.8H2O. Similarly, the proposed formula of the metatorbernite-
metazeunerite solid solution in the bulk HR sample is Cu(UO2)2(PO4)1.4(AsO4)0.6.8H2O (again, 
see Appendix 7 for working). The natural samples were then compared with synthetic 
samples of similar PO4:AsO4 ratios and the match seemed reasonable (see Figure 4.11 and 
4.12), implying the line of best fist from Figure 4.8 could be used to predict the composition 
of natural Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution samples. However, it should be noted 
that no internal standard was used during these experiments, so no error can be placed on 
the results. Both samples were taken from a single area of mine spoil at the South Terras 
site (see Chapter 2 for description of sample site). The composition of the Cu(UO2)2(PO4)2-
x(AsO4)x.nH2O solid solution varies considerably even within the single spoil heap from which 
the samples were taken. 
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Figure 4.11 HR 001 sample compared to Cu(UO2)2(PO4)0.8(AsO4)1.2.8H2O. 
 
 
Figure 4.12 HA Bulk sample compared to Cu(UO2)2(PO4)1.4(AsO4)0.6.8H2O. 
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4.6 ICP OES analysis of the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution 
Samples of the solid solution Cu(UO2)2(PO4)2-x(AsO4)x.8H2O where x = 0, 0.5, 1, 1.5 and 2 
were digested in 50% nitric acid (HNO3) and analysed using ICP-OES to determine their 
elemental composition. The concentration of the elements in solution is given in ppm. 1 ppm 
is the same as 1 mg L-1, so in this way the ICP-OES results can be related to moles per litre 
according to Equations 4.4 and 4.5. The ideal stoichiometry of targeted compositions are 
presented in Table 4.3.  
𝑬𝒍𝒆𝒎𝒆𝒏𝒕 𝒊𝒏 𝒈/𝒍 =  
𝒆𝒍𝒆𝒎𝒆𝒏𝒕 𝒊𝒏 𝒎𝒈/𝒍
𝟏𝟎𝟎𝟎
  
Equation 4.4 
𝑬𝒍𝒆𝒎𝒆𝒏𝒕 𝒊𝒏 𝒎𝒐𝒍/𝒍 =  
𝒆𝒍𝒆𝒎𝒆𝒏𝒕 𝒊𝒏 𝒈/𝒍
𝒎𝒐𝒍𝒂𝒓 𝒎𝒂𝒔𝒔
 
Equation 4.5 
 
Table 4.3 Moles of elements found in ideal stoichiometry of targeted Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solutions. 
 x = 0 x = 0.5 x = 1 X = 1.5 x = 2 
Cu (moles) 1 1 1 1 1 
U (moles) 2 2 2 2 2 
P (moles) 0 0.5 1 1.5 2 
As (moles 2 1.5 1 0.5 0 
 
 
Figure 4.13 presents the ICP-OES data plotted as moles per litre against predicted 
composition of the solid solution. The moles of uranium is in good agreement with the ideal 
stoichiometry of a Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. For each of the solid 
solutions analysed, there appears to be more copper than would be expected (~1.35 – 1.53 
moles), according to the ideal molecular formula. There is also more phosphorus and 
arsenic than would be predicted by the ideal stoichiometry. This may be due to non-
crystalline or poorly crystalline material present in the precipitate being digested alongside 
the solid solution. In the PXRD data given in Figure 4.4 and Figure 4.6 there was some 
indication that a small amount of impurity mat be present in the sample. This may be why the 
moles of elements found in the digested samples differ from that which would be predicted 
by the ideal stoichiometry of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution. 
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Figure 4.13: Moles of elements present in digested solid. The moles found broadly follow what would be 
expected in the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. 
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4.7 Raman and IR analysis of the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution 
Previous authors have looked at utilising the intensity of peaks in Raman and IR data, in 
order to indicate the composition of a solid solution.307-310 It was decided to investigate if this 
was possible with the data obtained in this study. The full Raman and IR spectra of the 
Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution are given in Appendix 8. Selected regions of 
interest are given in Figure 4.14 and Figure 4.15. 307, 308, 309, 310 
  
   
Figure 4.14: Raman spectra of the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. 50-550 cm-1 (a) and 5500 – 
1150 cm-1 (b). Assignment of the peaks have been made to UO2, AsO4 and PO4 groups. 
A 
B 
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Figure 4.15: IR spectra of the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution (450 – 1150 cm-1). Assignment of the 
peaks have been made to UO2, AsO4 and PO4 groups. 
 
In a tetrahedral XY4 species such as PO4 and AsO4 (which have the symmetry point group 
Td) all four vibrational modes are Raman active, and most follow the trend ν3 > ν1 and ν2 > ν4. 
In contrast only ν3 and ν4 are observed in IR spectroscopy. The uranyl ion is in the symmetry 
point group D∞h can exhibit ν1, ν2 (Raman active) and ν3 (IR active) vibrational modes. The ν4 
vibrational mode is not observed in the uranyl group. The vibrational modes and the 
frequencies at which they occur are summarised in Table 4.4. 
 
Table 4.4: Literature values for vibration modes of PO4, AsO4 and UO2 .311, 312 
 ν1 ν2 ν3 ν4 
UO22+ ~ 856 (r) 210 (r) ~ 931 (ir) Not applicable 
PO43- ~ 938 (r) ~ 420 (r) ~ 1017 (ir, r) ~ 567 (ir, r) 
AsO43- ~ 837 (r) ~ 349 (r) ~ 878 (ir, r) ~ 463 (ir, r) 
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The assignment of IR and Raman bands for metatorbernite (Cu(UO2)2(PO4)2.8H2O) is 
summarised in Table 4.5. The Raman data collected for metatorbernite in this work is 
broadly in agreement with the previous work by Frost et al313 and Driscoll et al187, although 
there is some discrepancy with that of Faulques et al.188 Peaks in this data at below 150 cm-1 
are believed to be associated with lattice vibrations and have not been assigned.314  There is 
a sharp peak at ~195 cm-3 which is in the correct region to be considered a metal – O bond. 
As it appears in all spectra across the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution, it has 
been assigned to the Cu – O stretch. Peaks at ~ 228 and 283 cm-1 have been assigned to 
the ν2 UO22+ bending vibration, in good agreement with the literature.
188, 313 A peak at ~ 408 
cm-1 has been assigned to the ν2 PO43- symmetric bend, which is in good agreement with 
Frost and Driscoll. Frost et al observed ν4 PO43- bending vibrations in the 508 – 630 cm-1 
region, however, no peaks were observed in this region in this work. The most intense peak 
is found at 826 cm-1, and this corresponds to the ν1 UO22+ stretching region. This is in good 
agreement with the literature. Faulques et al note a peak at 790 cm-1 which they attribute to 
the ν1 PO43- symmetric stretch, but no peaks were observed in this region in our data. A 
strong peak at ~990 cm-1 is attributed by all authors to the ν3 PO43 asymmetric stretch.  
There are a number of sources in the literature which give values for IR stretching and 
bending frequencies for metatorbernite185, 313 and these were compared with our data. A 
sharp band is observed at 545 cm-1 which is consistent with the ν4 PO43- bend; this is also 
observed by Cejka et al314. Both Cejka and Frost note the presence of the ν1 UO22+ stretch in 
the 800 – 865 cm-1 region, however, no peak was observed in these data; however, this may 
be due either to the band being weak, or to the poor-quality of the spectra. The ν3 UO22+ 
stretch was observed at 907 cm-1 and this corresponds well with the values reported by 
previous authors. There is a weak peak at 927 cm-1 which has been attributed to the ν1 PO43- 
stretch. This is in agreement with Frost, whereas Cejka has attributed this peak to the ν3 
UO22+ stretch. The ν1 PO43- and ν3 UO22+ regions overlap and the decision was made to 
assign the peak at 927 cm-1 with the former, as it does not appear in the metazeunerite 
(Cu(UO2)2(AsO4)2) spectra. There is a broad peak at ~990 cm-1 and a further shallow peak at 
~1100 cm-1 which are attributed to the ν3 PO43- stretching region. This is in good agreement 
with Frost and Cejka. 
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Table 4.5: Assignment of peaks in the Raman and IR Spectra of metatorbernite to specific groups and vibrational 
modes. 
Raman (cm-3) IR (cm-3) Assignment 
195 Not observed Cu – O stretch 
228 
283 
N/A ν2 (UO2)2+ 
Symmetric bending 
408 
439 
N/A ν2 (PO4)3- 
Symmetric bending 
Not observed 545 ν4 (PO4)3- 
asymmetric bending 
826 N/A ν1 (UO2)2+ symmetric 
stretching 
N/A N/A ν3 (UO2)2+ asymmetric 
stretching 
Not observed 927 ν1 (PO4)3- symmetric 
stretching 
991 
996 
992 
1002 
 
ν3 (PO4)3- asymmetric 
stretching 
 
Table 4.6 shows the assignment of the peaks in the Raman and IR spectra recorded for 
metazeunerite (Cu(UO2)2(AsO4)2.8H2O) to specific groups and vibrational modes. The peaks 
recorded for the Raman data in this work were compared with those recorded in the 
literature.187, 315 The comparison between published data and that collected on the samples 
in this study, shows good agreement. There is a peak at 185 cm-3 which has been assigned 
to the Cu – O stretch. Again, weak peaks at around 228 - 278 cm-1 have been assigned to 
the ν2 UO22+ bending vibration. A strong peak at ~322 cm-1 which was not observed in the 
metatorbernite data has been attributed to the ν2 AsO43- bending vibration. Weak peaks in 
the 453 cm-1 region have been assigned ν4 AsO43- bending vibration, and again this is in good 
agreement with previous authors. The strongest peak is at 808 cm-1 and is could be 
attributed either to the ν1 UO22+ or the ν1 AsO43- stretching region. These two regions overlap, 
and it is therefore very difficult to assign this peak to one vibration. A shoulder on this peak 
was observed at 820 cm-1 in this work and also by Frost et al and again, this is a result of the 
overlapping ν1 UO22+ or the ν1 AsO43- stretching region. The peak at ~ 890 cm-1 has been 
assigned to the ν3 UO22+ asymmetric stretch, in good agreement with the literature. 
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The IR data have also been compared to that of previous authors; Vochten198 and Frost313 
detected peaks in the 400 – 470 cm-1 region, which they have attributed to the ν4 AsO43- 
bend. Our data were of too poor a quality in this region to assign peaks to this vibrational 
mode. Peaks in the ~600 and 790 cm-1 region are again assigned to rocking and wagging 
associated with water molecules. There is a strong, broad peak at around 881 cm-1 and this 
is assigned to the ν3 AsO43- stretch in agreement with Frost. A sharp peak is observed at 935 
cm-1 and this is attributed to the ν3 UO22+ stretch, and this is in good agreement with both 
Vochten and Frost. 
 
Table 4.6: Assignment of peaks in the Raman and IR Spectra of metazeunerite to specific groups and vibrational 
modes. A # symbol indictes an overlapping region for the ν1 UO22+ and ν1 AsO43- symmetric stretching regions. 
These peaks cannot be assigned with any certainty. 
Raman (cm-3) IR (cm-3) Assignment 
185 Not observed Cu – O Stretch 
228 
278 
N/A ν2 (UO2)2+ 
Symmetric bending 
322 
401 
N/A ν2 (AsO4)3- 
Symmetric bending 
453 Not observed ν4 (AsO4)3- 
asymmetric bending 
807# N/A ν1 (UO2)2+ symmetric stretching 
820# N/A ν1 (AsO4)3- symmetric 
stretching 
890 881 ν3 (AsO4)3- asymmetric 
stretching 
N/A 937 ν3 (UO2)2+ asymmetric 
stretching 
 
It can be observed in Figure 4.14 that there is a strong peak in the Raman data at around 
990cm-1 which is related to the ν3 PO43- stretch. This does not appear in the metazeunerite 
spectra. This peak has been used in this work to establish a relationship between the 
intensity of the peak and the phosphate and arsenate content of the Cu(UO2)2(PO4)2-
x(AsO4)x.nH2O solid solution (see Figure 4.16). This peak in the IR data is not as sharp and 
the phosphate content does not directly influence the intensity of the peak, so it was not 
possible to use the IR data to indicate a relationship with the composition of the solid 
solution. It is not possible to use the ν1 AsO43- peak as the overlap with the ν1 UO22+ stretch is 
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too great. The R2 value of the line of best fit in Figure 4.16 is 0.911, which shows that this is a 
correlation between the intensity of the ν3 PO43- stretch and the composition of the 
Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. However, there are not enough data points on 
the graph to establish this relationship with certainty. Natural samples were not analysed by 
IR or Raman spectroscopy; this should be included in future work, to investigate if 
predictions of composition based on Raman spectroscopy match those using the refined unit 
cell parameters of the PXRD data (Section 4.5) 
 
 
Figure 4.16: Intensity of the ν3 (PO4)3+ asymmetric stretching peak plotted against composition of the 
Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution. A correlation can be observed between the intensity of 
the peak and the amount of phosphate in the solute solution. 
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4.8 TGA and DSC analysis of the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution 
The samples used for TGA and DSC experiments were dried to a constant weight at room 
temperature (~25⁰C).  They were then heated in the thermogravimetric analyser from 25⁰C 
to 500⁰C under air. The TGA and DSC data are shown in in Figure 4.17, Figure 4.18 and 
Figure 4.19. Over the course of the experiment the metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
sample lost 15.8% mass. The theoretical molecular mass of metatorbernite is 937.5 gmol-1 
of which 144 gmol-1 (15.4%) is water. This confirms that at room temperature the 
metatorbernite contained 8 water molecules (formula Cu(UO2)2(PO4)2.8H2O). The 
dehydration mechanism for metatorbernite (Cu(UO2)2(PO4)2.8H2O) observed in this work is 
shown in Equations 4.6 – 4.9. 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝟖𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝟕𝑯𝟐𝑶         (𝟏𝟏𝟎
𝟎𝑪 (~𝟐% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔))  
Equation 4.6 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝟕𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝟐𝑯𝟐𝑶         (𝟏𝟕𝟓
𝟎𝑪 (~ 𝟏𝟎% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)) 
Equation 4.7 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝟐𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝑯𝟐𝑶         (𝟐𝟑𝟕 
𝟎𝑪 (~𝟐% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)) 
Equation 4.8 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐. 𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)𝟐        (𝟒𝟓𝟎
𝟎𝑪 (~𝟐% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)) 
Equation 4.9 
The theoretical mass of zeunerite (Cu(UO2)2(AsO4)2.12H2O) is 1097.5  gmol-1 of which 216 
gmol-1 (19.7% is water). The Cu(UO2)2(AsO4)2.nH2O sample lost 19.0% of its mass, which is 
consistent with 11.5 moles of water at the beginning of the experiment, indicating that the 
sample was therefore zeunerite at the start of the TGA experiment. This is consistent with 
the results of the PXRD experiments in Section 4.4. The dehydration mechanism for 
zeunerite (Cu(UO2)2(AsO4)2.12H2O) observed in this work is shown in Equations 4.10 – 4.14. 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟏𝟏. 𝟓𝑯𝟐𝑶 
→  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟏𝟏𝑯𝟐𝑶         (𝟔𝟑
𝟎𝑪 (~𝟎. 𝟖𝟐% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔))  
Equation 4.10 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟏𝟏𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟖𝑯𝟐𝑶         (𝟗𝟔
𝟎𝑪 (~𝟓% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)) 
Equation 4.11 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟖𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟒𝑯𝟐𝑶         (𝟏𝟓𝟐
𝟎𝑪 (~𝟔. 𝟔% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔) 
Equation 4.12 
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𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟒𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐 𝟐𝑯𝟐𝑶       (𝟏𝟗𝟑
𝟎𝑪 (~𝟑. 𝟑% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)) 
Equation 4.13 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐. 𝟐𝑯𝟐𝑶 →  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑨𝒔𝑶𝟒)𝟐        (𝟓𝟎𝟎
𝟎𝑪 (~𝟑. 𝟑% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)) 
Equation 4.14 
 
 
Due to time constraints only one of the solid solution members (Cu(UO2)2(PO4)(AsO4).8H2O) 
could be analysed by TGA and DSC. The results are shown in Figure 4.19. During the 
experiment the sample lost 15% mass. The theoretical molecular weight of 
Cu(UO2)2(PO4)2(AsO4)2.8H2O is 981.5 gmol-1 of which 144 gmol-1 (14.7%) is water, consistent 
with the samples containing 8 moles of water at the beginning of the experiment. The 
dehydration mechanism for (Cu(UO2)2(PO4)(AsO4).8H2O) observed in this work is shown in 
Equations 4.15 – 4.18. 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟖𝑯𝟐𝑶 
→  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟕𝑯𝟐𝑶         (𝟏𝟏𝟎
𝟎𝑪 (~𝟏. 𝟗% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔)  
Equation 4.15 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟕𝑯𝟐𝑶 
→  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟒𝑯𝟐𝑶         (𝟏𝟒𝟑
𝟎𝑪 (~𝟓. 𝟕% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔) 
Equation 4.16 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟒𝑯𝟐𝑶 
→  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟐𝑯𝟐𝑶         (𝟏𝟖𝟎
𝟎𝑪 (~𝟑. 𝟖% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔) 
Equation 4.17 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒). 𝟐𝑯𝟐𝑶 
→  𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑷𝑶𝟒)(𝑨𝒔𝑶𝟒)           (𝟓𝟎𝟎
𝟎𝑪 ~𝟑. 𝟖% 𝒘𝒆𝒊𝒈𝒉𝒕 𝒍𝒐𝒔𝒔) 
Equation 4.18 
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Figure 4.17: TGA and DSC data collected on the metatorbernite sample between 25 and 500ºC under air. The 
scale at the top indicates the number of water molecules lost. 
 
 
Figure 4.18: TGA and DSC data collected on the metazeunerite sample between 25 to 500ºC under air. The 
scale at the top indicates the number of water molecules lost. 
 
 
H2O 
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Figure 4.19: TGA and DSC data recorded Cu(UO2)2(PO4)(AsO4).8H2O from 25 to 500ºC under air. The scale at 
the top indicates the number of water molecules lost. 
 
The samples were analysed by PXRD after TGA and DSC analysis (Figure 4.20). There was 
no evidence for the presence of a metatorbernite-type phase, but the residual phase was 
poorly crystalline and it could not be identified through comparison with the ICDD database. 
The PXRD patterns indicate that arsenate and phosphate are still present with the crystalline 
phase as the reflections move from higher to lower 2θ values as the percentage of arsenate 
in the structure increases. This could be confirmed using ICP-OES and Raman or IR 
spectroscopy. 
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Figure 4.20: PXRD patterns of Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution after heating to 500C using TGA. The 
shift of the peaks towards lower 2θ values as the arsenate content of the solid solution increases indicates that 
As and P remain in the solid after TGA analysis. 
 
There are a number of TGA studies on metatorbernite (Cu(UO2)2(PO4)2.8H2O) reported in 
the literature.181, 196, 198, 316, 317, 318 The hydration pathways reported and the temperatures at 
which these occur are summarised in Table 4.7. Most studies state that at room temperature 
the sample has 8 water molecules, however the work done by Pozas-Tormo et al317 indicates 
that their sample has 10 water molecules at room temperature. Their sample was prepared 
in a humidly controlled atmosphere, which may have prevented torbernite from fully 
dehydrating to metatorbernite. All of the samples (with the exception of Stubbs et al, who did 
not completely dehydrate their sample) dehydrate completely by 300-450ºC. The TGA and 
DSC work on Cu(UO2)2(AsO4)2.nH2O reported in the literature is more limited and is 
summarised in Table 4.8. In contrast to this work, the samples in the literature were present 
as metazeunerite (Cu(UO2)2(AsO4)2.8H2O) at room temperature. We could find no previous 
studies in the literature regarding the dehydration behaviour of the Cu(UO2)2(PO4)2-
x(AsO4)x.nH2O solid solution. 
The lack of consensus about the number of hydration pathways and the temperatures at 
which the dehydration events occur highlights the complexity of the dehydration behaviour of 
the autunite and meta-autunite families. The differences observed may be due to the diverse 
sources of the samples. The samples used by Suzuki, Stubbs and Frost were natural, 
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meaning that impurities in the crystal lattice could have affected the results. Pozas-Tormo, 
Vochten and Cejka and coworkers all used synthetic samples, but again, samples may have 
been affected by factors such as route of synthesis and laboratory temperature and 
humidity.  
Table 4.7: Summary of hydration steps and temperatures reported for TGA analysis of Cu(UO2)2(PO4)2.nH2O in 
the literature. 
n water  
molecules 
Temp ⁰C 
This 
work 
Temp ºC 
Suzuki  
et al196 
Temp ºC 
Stubbs  
et al 181 
Temp ºC 
Frost  
et al 193 
Temp ºC 
Pozas-
Tormo  
et al 317 
Temp ºC 
Vochten et 
al 318  
10     RT  
8 RT RT RT RT  RT 
7 110    80  
6.5    138   
6.1   102    
4  85    120 
3   138    
2 175 270  155 150 150 
1 237      
0 450 280  291 300 450 
 
Table 4.8: Summary of hydration steps and temperatures for TGA analysis reported for Cu(UO2)2(AsO4)2.nH2O in 
the literature.  
n water  
molecules 
Temp ⁰C 
This work 
Temp ºC 
Vochten et al198  
Temp ºC 
Frost et al194 
11.5 RT   
11 63   
8 96 RT RT 
7  112  
6   48 
4 152 163  
3.5  218  
2 193  88 
1  500  
0 500  250 
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4.9 Conclusions 
PXRD, ICP, IR and Raman spectroscopy all confirmed a complete solid solution formed 
between metatorbernite and metazeunerite with the general formula Cu(UO2)2(PO4)2-
x(AsO4)x.nH2O was successfully synthesised and no impurity phases were identified. Using 
the Topas software suite, Pawley refinements were carried out to give refined unit cell 
parameters. The c parameter did not increase linearly as a function of composition and 
therefore deviated from Vegard’s law. This may due to differences in hydration, or to 
differences in the crystal structure across the solid solution. This will be explored in more 
detail in Chapter 5. The a parameter did follow Vegard’s law, increasing linearly as a function 
of arsenate content in the sample and could be used to provide an estimate of the PO4:AsO4 
ratio present in natural samples. Similarly, in future work, the intensity of some of the Raman 
peaks could also be used to estimate the composition of a natural solid solution. However, 
due to the significant overlap in the UO22+ and AsO43- absorptions, this is not possible for the 
IR spectra. 
The end member phases were observed to have different dehydration pathways (see 
Equations 4.4 – 4.17). The phosphate phase immediately dehydrated to metatorbernite 
Cu(UO2)2(PO4)2.8H2O) under standard lab conditions (i.e. at room temperature). The 
arsenate phase was initially formed as zeunerite (Cu(UO2)2AsO4)2.11.5H2O) at room 
temperature and only dehydrated to a structure with 8 moles (a structure analogous with 
metatorbernite) at ~90⁰C). The Cu(UO2)2(PO4)(AsO4) phase followed more closely the 
dehydration behaviour of the metatorbernite, however there was some deviation, indicating 
that the solid solution compositions containing both arsenate and phosphate may behave 
differently to the end member phases. This behaviour will be explored further in Chapter 5. 
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Chapter 5:  
Structural characterisation of 
compositions in the solid solution 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O,  
x = 0, 0.5, 1, 1.5, 2 
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Chapter 5 Structural characterisation of compositions in the solid 
solution Cu(UO2)2(PO4)2-x(AsO4)x.8H2O, x = 0, 0.5, 1, 1.5, 2  
5.1 Introduction 
Chapter 4 presented work on the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution, and  
confirmed a complete solid solution exists between the two end member phases 
metatorbernite (Cu(UO2)2(PO4)2.8H2O) and metazeunerite (Cu(UO2)2(AsO4)2.8H2O). Lattice 
parameter refinements of XRD data collected on targeted compositions confirmed this. 
Patterns were indexed and assigned to specific space groups, based on the best match to 
previous structural refinements: P4/n in the case of metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
and P4/ncc in the case of metazeunerite (Cu(UO2)2(AsO4)2.8H2O).  
High resolution synchrotron powder XRD data were collected on the solid solution members 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O where (x = 0, 0.5, 1, 1.5 and 2) on beamline I11 at the 
Diamond Light Source (DLS) (see Chapter 2 for experimental details). Synchrotron PXRD 
data have higher resolution than lab PXRD data and the preferred orientation effects 
observed in the laboratory data were reduced considerably in the synchrotron data. This is 
due to the sample geometry; the laboratory data were collected on samples sealed between 
two layers of Scotch Tape™. The synchrotron data were collected using a sample which had 
been gently shaken to the bottom of a capillary. The synchrotron PXRD data were used to 
carry out Pawley and Rietveld refinements of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O, x 
=0,0.5,1,1.5,2 solid solution samples. A structural model was produced for each of the five 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O compositions through refinement of the synchrotron data. 
In addition to PXRD data collected at room temperature (293K), the samples were also 
cooled to 105-110K for further data collection. At 110K, peak splitting was observed in the 
data collected on the metazeunerite (Cu(UO2)2(AsO4)2.8H2O) sample. This behaviour was 
not observed in any other Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution members. Pawley 
and Rietveld refinements were carried out on the metazeunerite sample at 110K to establish 
how the structure differed from that observed ay 293K. 
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5.2 Structure of metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
Most of the previously reported structural studies on metatorbernite were carried out in the 
space group P4/n.161, 181, 225, 232 The four reported structural models are very similar, with the 
atoms in identical Wyckoff positions (see Table 5.1). The model used for refinement of the 
data presented here was that reported by Locock et al161 (ICDD PDF 04-01-9884); a 
projection of this structural model is presented in Figure 5.1. The UO6 distorted octahedra 
form layers with the PO4 tetrahedra (austinite layers). The Cu2+ polyhedra are Jahn-Teller 
distorted, forming four shorter equatorial bonds with interlayer H2O molecules and two longer 
apical bonds to the O atoms in uranyl octahedra in adjacent autunite layers of the structure. 
The bond valence sums (BVS) for the Locock model are shown in Table 5.2 – for details of 
calculation of BVS see Chapter 2. The BVS for the U, Cu and P atoms give acceptable 
valences (i.e. within ± 0.2 of the ideal oxidation state of the central ion).  
 
Table 5.1: Wyckoff positions of atoms in metatorbernite (Cu(UO2)2(PO4)2.8H2O) in P4/n space group. Structure 
refined by Locock et al.161 
Atom Wyckoff 
symbol 
x y z 
U (1) 2c ¼  ¼  0.052 
U (2) 2c ¼ ¼ 0.551 
Cu 2c ¼ ¼ 0.311 
P (1) 2a ¼ ¾ 0 
P (2) 2b ¼ ¾ ½ 
O (1) 2c ¼ ¼ 0.449 
O (2) 2c ¼ ¼ -0.050 
O (3) 2c ¼ ¼ 0.654 
O (4) 2c ¼ ¼ 0.156  
O (5) 8g 0.287 0.923 0.052 
O (6) 8g 0.206 0.922 0.552 
O (7) 8g 0.527 0.238 0.310 
O (8) 8g 0.346 0.515 0.808 
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Figure 5.1: Projection (along the bc axis) of metatorbernite (Cu(UO2)2(PO4)2.8H2O)  in P4/n space group. 
Produced from the reported structure refined by Locock et al.161 Yellow polyhedra represent UO6 groups, green 
represents CuO6 and red PO4. Blue circles represent the O atoms of water molecules. 
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Table 5.2: Bond valence analysis of calculated bond lengths from the refined metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) structure by Locock et al161 in space group P4/n  
Bond 
Refined length 
(Å) bond valence multiplicity Sum Total 
U (1) – O (2) 1.769 (7) 1.087 1 1.087 5.9 
U (1) – O (4) 1.815 (7) 0.960 1 0.960  
U (1) – O (5) 2.293 (4) 0.965 4 3.862  
      
U (2) – O (1) 1.775 (7) 1.070 1 1.070 5.8 
U (2) – O (3) 1.780 (8) 1.056 1 1.056  
U (2) – O (6) 2.308 (4) 0.927 4 3.708  
      
Cu (1) – O (7) 2.391 (7) 0.146 1 0.146 2.2 
Cu (1) – O (1) 2.685 (8) 0.066 1 0.066  
Cu (1) – O (4) 1.944 (5) 0.489 4 1.954  
      
P (1) – O (5) 1.533 (4) 1.255 4 5.019 5.0 
      
P (2) – O (6) 1.533 (4) 1.255 4 5.019 5.0 
 
A Pawley refinement of the high resolution synchrotron powder diffraction data, collected on 
the metatorbernite (Cu(UO2)2(PO4)2.8H2O) sample, was carried out . The data were collected 
at 293K and the refinement was carried out in space group P4/n. Figure 5.2 shows the 
observed-calculated-difference plots.  The refined unit cell parameters were a = 6.966 (3) Å 
and c = 17.323 (1) Å (Rwp = 3.409 and GoF = 1.574). 
 
Figure 5.2: Observed-Calculated difference plot, from the Pawley refinement of synchrotron powder XRD data 
collected on metatorbernite at 293K (Cu(UO2)2(PO4)2.8H2O) in the P4/n space group (λ 0.82603 Å). Blue lines 
along the x-axis in this and subsequent figures mark the expected 2θ values of reflections in the model. 
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Rietveld refinement of the high-resolution synchrotron powder diffraction data, collected on 
the metatorbernite sample, was carried out, using the refined unit cell parameters obtained 
from the Pawley refinement and the atomic positions in Table 5.1 as starting values. Figure 
5.3 shows the observed-calculated-difference plot.  Bond distance restraints were included 
in the model for the U-O bonds with the values of 1.8 and 2.3 Å for the apical and equatorial 
bonds, respectively and for the equatorial Cu-O bonds 1.95 Å. Thermal parameters for the 
oxygen sites and phosphorus sites were constrained to be equal, to ensure the atomic 
displacement values were reasonable. This was important as the uranium in the model 
scatters the X-rays to a far greater degree than phosphorus or oxygen. Initial refinement 
allowed the thermal parameters for the P atoms to refine separately, but one site was found 
to have a value of approximately 10 times greater than the other, so in subsequent 
refinements they were constrained to be the same.  The unit cell parameters were refined to 
be a = 6.966 (3) Å and c = 17.323 (9) Å (Rwp = 4.037 and GoF = 1.494). This compares well 
with unit cell parameters of a = 6.976 Å and c = 17.349 Å reported by Locock.  
 
Figure 5.3: Observed-Calculated difference plot, from the Rietveld refinement of synchrotron powder XRD data 
collected on metatorbernite (Cu(UO2)2(PO4)2.8H2O) in the P4/n space group (λ 0.82603 Å). 
 
The refined atomic positions, thermal parameters and Wyckoff positions for this model are 
shown in Table 5.3. BVS for the model are given in Table 5.4. The structural model for 
metatorbernite (Cu(UO2)2(PO4)2.8H2O) in space group P4/n fits well with the synchrotron 
data collected on the synthetic sample produced in this study. The calculated bond lengths 
are within acceptable limits for the metal-oxygen bonds and this is confirmed by BVS, where 
the sums are within ± 0.2 of the ideal oxidation state of the central atom. The good 
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agreement between the calculated bond valence and the theoretical oxidation state 
suggests the proposed structure is chemically reasonable. 
 
Table 5.3: Atomic positions and thermal parameters of metatorbernite (Cu(UO2)2(PO4)2.8H2O) in the P4/n space 
group. 
Atom Wyckoff x y z Beq (Å2) Occ 
U (1) 2c 0.25 0.25 0.051 (1) 0.891 (2) 1 
U (2) 2c 0.25 0.25 0.551 (1) 0.902 (2) 1 
Cu (1) 2c 0.25 0.25 0.312 (1) 2.067 (2) 1 
P (1) 2a 0.25 0.75 0 0.971 (2) 1 
P (2) 2b 0.25 0.75 0.5 0.971 (2) 1 
O (1) 2c 0.25 0.25 0.446 (4) 0.618 (2) 1 
O (2) 2c 0.25 0.25 -0.055 (4) 0.618 (2) 1 
O (3) 2c 0.25 0.25 0.657 (5) 0.618 (2) 1 
O (4) 2c 0.25 0.25 0.158 (5) 0.618 (2) 1 
O (5) 8g 0.214 (1) 0.576 (9) 0.054 (2) 0.618 (2) 1 
O (6) 8g 0.216 (9) 0.583 (9) 0.555 (2) 0.618 (2) 1 
O (7) 8g 0.528 (3) 0.280 (6) 0.306 (2) 0.618 (2) 1 
O (8) 8g 0.332 (4) 0.504 (4) 0.810 (2) 0.618 (2) 1 
 
Table 5.4: Bond valence analysis of calculated bond lengths from the Rietveld refinement of metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) in space group P4/n. 
Bond Refined length (Å) bond valence number of bonds sum Total 
U (1) – O (2) 1.85 (8) 1.84 1 1.84 5.9 
U (1) – O (4) 1.85 (7) 1.84 1 1.84  
U (1) – O (5) 2.30 (6) 0.54 4 2.18  
      
U (2) – O (1) 1.85 (8) 1.84 1 1.94 5.9 
U (2) – O (3) 1.85 (7) 1.84 1 1.94  
U (2) – O (6) 2.30 (6) 0.54 4 2.18  
      
Cu (1) – O (7) 1.99 (2) 0.43 4 1.72 2.0 
Cu (1) – O (1) 2.31 (7) 0.18 1 0.18  
Cu (1) – O (4) 2.66 (8) 0.07 1 0.07  
      
P (1) – O (5) 1.54 (5) 1.23 4 4.92 4.9 
      
P (2) – O (6) 1.54 (5) 1.23 4 4.92 4.9 
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Two authors have published structural models for metatorbernite (Cu(UO2)2(PO4)2.8H2O) in 
the P4/nmm space group.230, 231 The c dimension of the unit cell of the Calos structure230 is 
around half that of the Makarov model (8.638 Å and 17.260 Å, respectively). 231 The refined 
atomic positions for the Makarov and Calos structures are presented in Table 5.5 and Table 
5.6, respectively. Although the z coordinates vary between the two models, the primary 
difference is the size of the unit cell, rather than the positions of the atoms within it. 
Table 5.5: Wyckoff positions of atoms in metatorbernite (Cu(UO2)2(PO4)2.8H2O) in P4/nmm space group. 
Structure refined by Makarov et al. 
Atom Wyckoff 
symbol 
x y z 
U (1) 2c ¼ ¼ 0.449 
U (2) 2c ¼ ¼ 0.949 
Cu 2c ¼ ¼ 0.688 
P (1) 2a ¼ ¾ 0 
P (2) 2b ¼ ¾ ½ 
O (1) 2c ¼ ¼ 0.353 
O (2) 2c ¼ ¼ 0.549 
O (3) 2c ¼ ¼ 0.052 
O (4) 2c ¼ ¼ 0.857 
O (5) 8i ¾ 0.064 0.046 
O (6) 8i ¾ 0.066 0.543 
O (7) 8j 0.45 0.45 0.17 
O (8) 8j 0.53 0.53 0.32 
 
Table 5.6: Wyckoff positions of atoms in metatorbernite (Cu(UO2)2(PO4)2.8H2O) in P4/nmm space group. 
Structure refined by Calos et al. 
Atom Wyckoff 
symbol 
x y z 
U (1) 2c ¼ ¼ 0.1050 
Cu 2c ¼ ¼ -0.390 
P (1) 2a ¼ ¾ 0 
O (1) 2c ¼ ¼ -0.104 
O (2) 2c ¼ ¼ 0.315 
O (3) 8i ¼ -0.081 0.108 
O (4) 8i 0.527 ¼ 0.388 
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Pawley refinements were carried out with starting c parameters of 17.3 Å and 8.6 Å, to 
investigate if a smaller unit cell could completely index the observed data. Figure 5.4 shows 
the observed-calculated-difference plots from the refinement with c initially set as 17.32 Å. 
The unit cell parameters were refined to be a = 6.966 (3) Å and c = 17.323 (1) Å (Rwp = 
3.448 and GoF = 1.556). Figure 5.5 shows the observed-calculated-difference plots from the 
refinement with c initially set at 8.66 Å. The unit cell parameters were refined to be a = 6.966 
(3) Å and c = 8.661(5) Å (Rwp = 3.513 and GoF = 1.570).   Pawley fits indicated that some 
peaks were not indexed if a halved c parameter was used and therefore a c parameter of 
17.323 Å was used for further refinements in space group P4/nmm. 
 
Figure 5.4: Observed-calculated difference plot of a Pawley refinement of metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
data in the P4/nmm space group and with initial c parameter of 17.32 Å (λ 0.82603 Å). 
 
Figure 5.5: Observed-calculated difference plot of a Pawley refinement of metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
data in the P4/nmm space group and with initial c parameter of 8.66 Å (λ 0.82603 Å).  Some reflections are 
missing (marked with a black arrow); this section is shown in the expanded section. 
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The BVS on the bond lengths published by Makarov et al highlighted some issues with this 
model (Table 5.7) with both uranium atoms overbonded (i.e. much greater than 6).The 
copper is very underbonded, indicating longer bond lengths than would be expected for the 
apical Cu-O bonds (typically ~1.95Å).  
 
Table 5.7: Bond valence analysis of calculated bond lengths from the reported metatorbernite  
(Cu(UO2)2(PO4)2.8H2O) structure by Makarov et al 231  in space group P4/nmm. No estimated standard deviations 
are given in the original paper. 
Bond Refined length (Å) bond valence multiplicity Sum Total 
U (1) – O (1) 1.657 3.09 1 3.09 8.5 
U (1) – O (2) 1.726 2.57 1 2.57  
U (1) – O (6) 2.201 0.71 4 2.85  
      
U (2) – O (3) 1.778 2.23 1 2.23 8.9 
U (2) – O (4) 1.588 3.73 1 3.73  
U (2) – O (5) 2.184 0.74 4 2.98  
      
Cu (1) – O (2) 2.167 0.14 4 0.57 0.9 
Cu (1) – O (4) 2.917 0.04 1 0.04  
Cu (1) – O (8) 2.399 0.27 1 0.27  
      
P (1) – O (5) 1.517 1.31 4 5.24 5.2 
      
P (2) – O (6) 1.479 1.45 4 5.81 5.8 
 
Rietveld refinement of the high-resolution synchrotron powder diffraction data, collected on 
the metatorbernite sample, was carried out, using the refined unit cell parameters obtained 
from the Pawley refinement and the published Makarov atomic positions as starting values. 
Bond distance restraints were included in the model for the U-O bonds with the values of 1.8 
and 2.3Å for the apical and equatorial bonds, respectively and 1.95 Å for the equatorial Cu-O 
bonds. However, even with bond distance restraints, the atomic positions for O could not be 
refined in this model. Thermal parameters for the oxygen sites were constrained to be equal 
as were thermal parameters for the phosphorus sites. Figure 5.6 shows the observed-
calculated difference plots. The refined unit cell parameters were a = 6.966 (3) Å and c = 
17.323 (1) Å (Rwp = 4.679 and GoF = 1.730).  This compares with values of  a = 6.950 Å and 
c = 17.260 Å reported by Makarov. The atomic positions, thermal parameters and Wyckoff 
positions are shown in Table 5.8. BVS for this model are given in Table 5.9. The thermal 
parameter for the oxygen atoms refined to very large positive values (9.283 Å2). This 
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indicates very little scattering on this site, where the program cannot accurately locate the 
atoms. The calculated bond lengths are within acceptable limits for the metal-oxygen bonds 
and this is confirmed by BVS. 
 
Figure 5.6: Observed-calculated difference plot of a Rietveld refinement of metatorbernite 
(Cu(UO2)2(PO4)2.8H2O)  data in the P4/nmm space group (λ 0.82603 Å).  The differences between the observed 
and calculated data are small, but more noticeable than for the P4/n space group (see Figure 5.3). 
 
Table 5.8: Atomic positions and thermal parameters from refinement of PXRD data collected on metatorbernite 
(Cu(UO2)2(PO4)2.8H2O)  in space group P4/nmm. The thermal parameters for the O atoms seem high at 9.3 Å2. 
Atom Wyckoff x y z Beq (Å2) Occ 
U (1) 2c 0.25 0.25 0.449 (4) 1.16 (2) 1 
U (2) 2c 0.25 0.25 0.948 (3) 0.46 (1) 1 
Cu (1) 2c 0.25 0.25 0.690 (7) 1.92 (2) 1 
P (1) 2a 0.25 0.75 0 0.745 (2) 1 
P (2) 2a 0.25 0.75 0.5 0.745 (2) 1 
O (1) 2c 0.25 0.25 0.335 9.283 (4) 1 
O (2) 2c 0.25 0.25 0.555 9.283 (4) 1 
O (3) 2c 0.25 0.25 0.061 9.283 (4) 1 
O (4) 2c 0.25 0.25 0.837 9.283 (4) 1 
O (5) 8j 0.75 0.065 0.0495 9.283 (4) 1 
O (6) 8j 0.75 0.065 0.548  9.283 (4) 1 
O (7) 8j 0.45 0.45 0.17 9.283 (4) 1 
O (8) 8j 0.545 0.545 0.32 9.283 (4) 1 
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Table 5.9: Bond valence analysis of calculated bond lengths from the Rietveld refinement of metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) in space group P4/nmm. 
Bond Refined length (Å) bond valence multiplicity Sum Total 
U (1) – O (2) 1.84 (6) 1.88 1 1.88 6.1 
U (1) – O (1) 1.970 (6) 1.33 1 1.33  
U (1) – O (6) 2.20 (2) 0.72 4 2.89  
      
U (2) – O (4) 1.92 (6) 1.54 1 1.54 5.8 
U (2) – O (3) 1.97 (6) 1.35 1 1.35  
U (2) – O (5) 2.20 (2) 0.72 4 2.89  
      
Cu (1) – O (8) 2.02 (3) 0.40 4 1.59 1.9 
Cu (1) – O (2) 2.34 (2) 0.17 1 0.17  
Cu (1) – O (4) 2.54 (2) 0.10 1 0.10  
      
P (1) – O (5) 1.55 (4) 1.21 4 5.03 4.8 
      
P (2) – O (6) 1.53 (3) 1.25 4 5.01 5.0 
 
Both refined structural models in the P4/n and P4/nmm space groups provide a good fit to 
the high-resolution synchrotron data. When the GoF and Rwp values for the two refinements 
are considered (Table 5.10), some differences are observed. The structure refined in the 
P4/n space group has lower Rwp and GoF figures. Along with this, it can be seen from the 
observed-calculated difference plots of the Rietveld refinements in the P4/n and P4/nmm 
space group (Figure 5.3 and Figure 5.6, respectively), that the P4/n model is a better match 
for the data. Therefore, it was concluded the refined model in the P4/n space group gave the 
best fit to the observed metatorbernite data.  
 
Table 5.10: Comparison for Rwp and GoF figures for metatorbernite in the P4/n and P4/nmm space group. The 
lower values for P4/n indicate this is a better match for the data. 
 
Space group Rwp GoF 
P4/n 4.035 1.493 
P4/nmm 4.681 1.732 
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5.3 Structure of Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) 
Hennig et al229 published a structural model of metazeunerite – Cu(UO2)2(AsO4)2.8H2O, 
(based on single crystal experimental data) in the P4/ncc space group. The laboratory PXRD 
data collected on the MZ sample synthesised in this study was indexed in the P4/ncc space 
group (see Chapter 4), and so this model was investigated first for refinement of the high-
resolution synchrotron data. Figure 5.7 shows a projection of the structural model published 
by Hennig et al. In this structure the Cu2+ ion is located on the ¼, ¼, z Wyckoff position (the 
site has fourfold multiplicity, so is only half occupied in this model), and is coordinated by 4 
water molecules, however, in this model the Cu2+ ion is not coordinated to the O atoms that 
are part of the UO6 polyhedra, as it is in metatorbernite. The authors carried out EXAFS 
(extended X-ray absorption fine structure) analysis which could only detect one Cu-O bond 
of a length of about 1.95 Å. No contribution was observed from the longer axial Cu-O bond, 
which would be expected at around 2.5 Å. Therefore, in this model the Cu2+ ion was refined 
to be in the interlayer region as an [Cu(H2O)4]2+ ion. BVS analysis of this model is given in 
Table 5.11 and all calculations are within ± 0.2 of the oxidation state, which would imply that 
the copper ion is octahedrally coordinated with four water molecules and two oxygen atoms 
of two uranyl groups.  
 
Figure 5.7: Projection (along the bc axis) of the structure of metazeunerite (Cu(UO2)2(AsO4)2.8H2O), generated 
from published data in the P4/ncc space group229. Yellow polyhedra represent UO6 groups and the pink AsO4. 
The small green spheres represent Cu2+ ions and the larger blue spheres represent oxygen atoms of water 
molecules. The copper sites are only half occupied in this model. 
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Table 5.11: Bond valence analysis of calculated bond lengths from the refined metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) structure by Hennig et al229  in space group P4/ncc. 
Bond Refined length (Å) 
bond 
valence 
number of 
bonds sum Total 
U (1) – O (1) 1.7 (2) 1.04 1 1.04 6.07 
U (1) – O (2) 1.774 (2) 1.07 1 1.07  
U (1) – O (3) 2.283 (1) 0.99 4 3.97  
      
Cu (1) – O (1) 1.954 (1) 0.48 4 1.90 2.09 
Cu (1) – O (2) 2.472 (2) 0.12 1 0.12  
Cu (1) – O (4) 2.677 (2) 0.07 1 0.07  
      
As (1) – O (5) 1.697 (1) 1.21 4 4.83 4.83 
 
A Pawley refinement of high resolution synchrotron powder X-ray diffraction data, collected 
on the metazeunerite sample, was carried out. The data were collected at 293K and the 
refinement was carried out using the structural model in space group P4/ncc. Figure 5.8 
shows the observed-calculated-difference plots from this refinement.  The unit cell 
parameters were refined to be a = 7.153 (1) Å and c = 17.612 (5) Å (Rwp =  6.57 and GoF = 
2.66). 
 
Figure 5.8: Observed-Calculated difference plot of a Pawley refinement of metazeunerite data in the P4/ncc 
space group (λ 0.82603 Å). 
 
Rietveld refinement of the high-resolution synchrotron powder diffraction data, collected on 
the metazeunerite sample, was carried out, using the initial unit cell parameters obtained 
from the Pawley refinement and the atomic positions in the Hennig model as starting values. 
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No bond distance restraints were used in the Rietveld refinement. The thermal parameters 
for the oxygen molecules were constrained to be the same. Figure 5.9 shows the observed-
calculated-difference plots from this refinement. The unit cell parameters were refined to be 
a = 7.153 (1) Å and c = 17.612 (4) Å. (Rwp = 8.449 and GoF = 2.858), which compares with 
values of a = 7.107 Å and c = 17.402 Å reported by Hennig et al.  
 
Figure 5.9: Observed-Calculated difference plot of a Rietveld refinement of metazeunerite data at 293K in the 
P4/ncc space group (λ 0.82603 Å). 
 
Refined atomic positions and thermal parameters from this refinement are given in Table 
5.12 and BVS are given in Table 5.13. The refined thermal parameter for the Cu(1) site is 20 
Å2 , this large value implies that there is little or no scattering at this site.  The large positive 
refined thermal parameter for copper, along with the negative thermal parameters for the 
oxygen atoms (-0.078 Å), would suggest that the Hennig model, in the P4/ncc space group, 
is not the correct model for these data.  The BVS analysis shows that the Cu2+ ion is 
underbonded, which is in agreement with the work by Hennig et al, which noted that by XRD 
the equatorial Cu-O bonds were 2.14 Å, which is longer than the ~1.95 Å usually observed. 
Additionally, Hennig et al concluded that the Cu ions were no longer bonded to the UO6 
polyhedra.   As the thermal parameter values indicated that the model was not a good match 
for the observed data, it was decided to investigate if different space groups were a better 
match to the synchrotron data. 
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Table 5.12: Atomic positions and thermal parameters from refinement of PXRD data collected on metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O)  in space group P4/ncc. High values for the Cu and low values for the O atoms indicate 
there are problems with this model. 
Atom Wyckoff X y z Beq (Å2) Occ 
U (1) 4c 0.25 0.25 0.447 (1) 0.844 (2) 1 
Cu (1) 4c 0.25 0.25 0.690 (1) 20 (5) 0.5 
As (1) 4b 0.25 0.75 0.5 0.984 (4)  1 
O (1) 4c 0.25 0.25 0.550 -0.078 (8) 1 
O (2) 4c 0.25 0.25 0.343 -0.078 (8) 1 
O (3) 16g 0.199 (4) 0.567 (3) 0.443 (2) -0.078 (8)  1 
O (4) 16g 0.152 (2) 0.979 (2) 0.690 (3) -0.078 (8) 1 
 
 
Table 5.13: Bond valence analysis of calculated bond lengths from the Rietveld refinement of metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) in space group P4/ncc. The Cu atom is underbonded. 
Bond Bond length (Å) bond valence multiplicity Sum Total 
U (1) – O (1) 1.82 (8) 1.99 1 1.99 6.2 
U (1) – O (2) 1.83 (8) 1.95 1 1.95  
U (1) – O (3) 2.30 (4)  0.55 4 2.20  
      
Cu (1) – O (4) 2.06 (1) 0.36 4 1.44 1.6 
Cu (1) – O (1) 2.47 (1) 0.12 1 0.12  
Cu (1) – O (2) 2.69 (1) 0.06 1 0.06  
      
As (1) – O (3) 1.69 (4) 1.23 4 4.93 4.9 
 
The synchrotron and laboratory data obtained for metatorbernite in this work were refined in 
the P4/n space group (Chapter 4 and Section 5.2). Some authors161 have published a 
refined structure of metazeunerite in this space group; therefore, the P4/n space group was 
investigated next as a possible match to the high-resolution synchrotron data. A Pawley 
refinement of the high resolution synchrotron X-ray data collected on metazeunerite was 
carried out in the space group P4/n (see Figure 5.10) and unit cell parameters were refined 
to be a = 7.153 (1) Å and c = 17.612 Å (4) (Rwp = 6.454 and GoF = 2.690). 
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Figure 5.10: Observed-Calculated difference plot of a Pawley refinement of metazeunerite data in the space 
group P4/n (λ 0.82603 Å). 
 
Rietveld refinement of the high quality synchrotron metazeunerite data was carried out in the 
P4/n space group. The unit cell parameters from the Pawley refinement were used along 
with the starting atomic positions for metazeunerite published by Locock et al.161  The refined 
unit cell parameters were a = 7.153 Å (2) and c = 17.612 Å (7) (Rwp = 14.573 and GoF = 
5.196) (Figure 5.11). The fit was poor, with noticeable peak intensity mismatches; for 
instance, in the 2 theta region 7.3°, where no intensity is observed, but the calculated pattern 
shows a weak reflection indexed as 101 at ~7.3° 2 theta. According to the systematic 
absences for space group P4/n, the reflection 101 is allowed and the model for 
metazeunerite in P4/n generates intensity for this reflection, which is not observed in the 
data. This could indicate a mis-assignment of space group for these data. The absence of 
the 101 reflection in the metazeunerite structure is therefore likely due to the presence of an 
additional symmetry operation, such as a glide plane or screw axis. A model in space group 
P4/ncc (with two additional glide planes along the 001 and 110 planes) produced a better 
match for the data than the P4/n space group. The 101 reflection would be systematically 
absent in P4/ncc as the conditions for the presence of a reflection for a c glide plane in the 
001 and 110 planes is for h00, h = 2n and for 0kl, hhl and 00l, l = 2n, respectively (where 2n 
is an even integer). A table giving criteria for systematic absences in lattice and symmetry 
elements is given in Appendix 1. 
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Figure 5.11: Observed-Calculated difference plot of a Rietveld refinement of metazeunerite data in the P4/n 
space group (λ 0.82603 Å).  The 101 reflection, which is present in the P4/n space group is absent in the data 
(marked with a black arrow); this is shown in the expanded section. 
 
Hennig et al229 suggested that metazeunerite Cu(UO2)2(AsO4).8H2O2 can crystallise in a 
‘disordered’ form with space group P4/nmm as well as an ‘ordered’ form in space group 
P4/ncc (see Figure 5.7). They suggest the disorder is formed due to a difference in the 
arrangement of the autunite layers, which give rise to ordered and disordered domains. Their 
published data for metazeunerite in the space group P4/nmm has a c dimension of 8.705 Å, 
around half that of the refined c parameter from the Rietveld refinements carried out in other 
space groups. The published atomic positions for the Hennig models in space groups P4/ncc 
and P4/nmm are shown in Table 5.14 and Table 5.15, respectively.  
 
Table 5.14: Wyckoff positions of atoms in metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in the P4/ncc space group. 
Structure refined by Hennig et al. 
Atom Wyckoff 
symbol 
x y z Occ 
U  4c ¼ ¼ 0.445 1 
Cu 4c ¼ ¼ 0.689 0.5 
As 4b -¼   ¼  ½   1 
O (1) 4c ¼ ¼ 0.547 1 
O (2) 4c ¼ ¼ 0.343 1 
O (3) 16g 0.199 -0.433  0.441 1 
O (4) 16g 0.189 -0.018 0.691 1 
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Table 5.15: Wyckoff positions of atoms in metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in the P4/nmm space group. 
Structure refined by Hennig et al. 
Atom Wyckoff 
symbol 
x y z Occ 
U  2c ¼ ¼ 0.890 1 
Cu 2c ¼ ¼ 0.378 0.5 
As 2a -¼ ¼ 0 1 
O (1) 2c ¼ ¼ 0.094 1 
O (2) 2c ¼ ¼ 0.686 1 
O (3) 16k -0.200 -0.433 0.116 0.5 
O (4) 16k 0.187 0.517 0.384 0.5 
 
 
Pawley refinements of the high resolution synchrotron data were carried out in the P4/nmm 
space group (Figure 5.12) and unit cell parameters were refined as a = 7.153 (1) Å and c = 
8.806 (2) Å (Rwp = 5.908, GoF = 2.413). However, some reflections in the data were not 
accounted for with the smaller c unit cell parameter, therefore a Pawley refinement was also 
carried out using a c parameter of 17.612 Å (Figure 5.13) in space group P4/nmm and unit 
cell parameters were refined as a = 7.153 (1) Å and c = 17.612 (4) Å (Rwp = 6.215, GoF = 
2.565) which gave a better fit to the data than the smaller unit cell (with c/2). Therefore, 
Rietveld refinement of the high resolution synchrotron data collected on metazeunerite was 
carried out using a starting c parameter of 17.612 Å (Figure 5.14).  The atomic positions in 
the Makarov model for metatorbernite were used as starting positions (see Table 5.5). The 
model did not fit the data; the 101 reflection should be observed at around 7.2 Å in this 
model; however, there is no observed peak at 7.2 Å. This again, is consistent with a 
systematic absence caused by a symmetry element in the metazeunerite data which is not 
accounted for by the P4/nmm space group. 
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Figure 5.12: Observed-Calculated difference plot of a Pawley refinement of metazeunerite data in the P4/nmm 
space group; refined c = 8.806 Å (λ 0.82603 Å).  Some observed peaks are not assigned using the model - 
notably at 15° 2θ (marked by a black arrow); this is shown in the expanded section. 
 
 
 
Figure 5.13: Observed-Calculated difference plot of a Pawley refinement of metazeunerite data in the P4/nmm 
space group; refined c = 17.612 Å (λ 0.82603 Å). This is a good match to the data. 
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Figure 5.14: Observed-Calculated difference plot of a Rietveld refinement of metazeunerite data in the P4/nmm 
space group (λ 0.82603 Å).  The 101 peak, missing from the data is marked with a black arrow ( this is also 
shown in the expanded section). 
 
A further structural model of metazeunerite in the P42/nmc space group was published by 
Hanic et al.227 This model also presents the Cu2+ ion as being present in the interlayer space 
as a [Cu(H2O)4]2+ ion (see Figure 5.7). Refined atomic positions for the Hanic model are 
presented in Table 5.16 and BVS analysis is shown in Table 5.17. In this model the uranium 
is overbonded and the copper and arsenic are underbonded, indicating there may be 
problems with this structural model. The axial Cu – O bonds are longer (at 2.14 Å) than the 
1.95 Å which would be expected if the Cu is octahedrally coordinated.  
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Table 5.16: Wyckoff positions of atoms in metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in P42/nmc space group. 
Structure refined by Hanic. 
Atom Wyckoff 
symbol 
x y z occupancy 
U  4d ¼  ¼ 0.055 1 
Cu  4d ¼  ¼  0.308 0.5 
As 4c ¾ ¼ 0 1 
O (1) 4d ¼ ¼ 0.164 1 
O (2) 4d ¼  ¼  0.454 1 
O (3) 8g ¼ 0.556 0.563 1 
O (4) 8g ¼ 0.556 0.063 1 
O (5) 16k -0.200 0.433 0.116 0.5 
O (6) 16k 0.187 0.517 0.384 0.5 
 
Table 5.17: Bond valence analysis of calculated bond lengths from the refined metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) structure by Hanic et al227 in space group P42/nmc. 
Bond Refined length (Å) bond valence number of bonds Sum Total 
U (1) – O (1) 1.94 1.44 1 1.44 6.7 
U (1) – O (2) 1.78 2.22 1 2.22  
U (1) – O (3) 2.18 0.75 4 3.01  
      
Cu (1) – O (1) 2.14 0.29 4 1.15 1.3 
Cu (1) – O (2) 2.55 0.09 1 0.09  
Cu (1) – O (4) 2.58 0.09 1 0.09  
      
As (1) – O (5) 1.77 0.99 4 3.97 4.0 
 
Pawley Refinement of the metazeunerite data in the P42/nmc space group was carried out 
and the unit cell parameters were refined to a = 7.153 (1) Å and c = 17.612 (4) Å (Rwp = 
5.648, GoF = 2.324) (Figure 5.15). The fit looked reasonable so Rietveld Refinement of the 
metazeunerite data in the P42/nmc space group was carried out and the observed-calculated 
difference plot is presented in Figure 5.16. The unit cell parameters were refined to a = 
7.153 (1) Å and c = 17.612 (4) Å (Rwp of 11.495 and GoF 3.931).  This compares with values 
of a = 7.100 Å and c = 17.700 Å refined by Hanic et al. The observed-calculated difference 
plot indicated the P42/nmc space group was not a good match for the data as there were 
observed reflections not accounted for using this model. A reflection is observed in the data 
at 15° 2θ which is not accounted for in the refinement. This reflection was indexed to be the 
211 reflection in space group P4/ncc. For a reflection to be allowed in a space group 
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containing a 42 screw axis along the c direction, the condition l = 2n (where 2n is an even 
integer) must be met (see Appendix 1). Therefore, the 211 reflection violates this condition 
and would be systematically absent in this space group. As the reflection at 15° 2θ is 
observed and not accounted in space group the P42/nmc, this suggest a model in P42/nmc is 
not suitable for refinement of the metazeunerite data. 
Figure 5.15: Observed-Calculated difference plot of a Pawley refinement of metazeunerite data in the P42/nmc 
space group (λ 0.82603 Å). This is a good match to the data. 
 
Figure 5.16: Observed-Calculated difference plot of a Rietveld refinement of metazeunerite data in the P42/nmc 
space group (λ 0.82603 Å).  There is a peak in the data at around 15° 2θ which is absent from the refinement 
(marked with a black arrow and shown in the expanded section). 
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Of the different space groups investigated, the model in space group P4/ncc produced a 
refined structure with a good fit to the observed data (Figure 5.9) and accounted for all the 
observed reflections. However, the bond valence data for this model indicated that this 
model was not correct for the data. Additionally, the high refined thermal parameter of the 
copper atom (20 Å2) indicated that the scattering on this site was less than that associated 
with a copper atom; therefore, an alternative model was required. Locock et al214 suggested 
a structure for Na(UO2)(AsO4).3H2O in the P4/ncc space group. The sodium in this structure 
is present on a 16 fold site which it shares with the oxygen of a water molecule, in a ratio of 
1 sodium atom to 3 oxygen atoms – a projection is shown below in Figure 5.17. This 
structure was adapted to produce a model for metazeunerite; the atomic positions refined by 
Locock et al for the Na(UO2)(AsO4).3H2O structure were used as a starting model (see Table 
5.18). The Na+ ion was replaced with the Cu2+ ion. 
 
Figure 5.17: bc Projection of Na(UO2)(AsO4).3H2O, generated from published data.214 The yellow polyhedral 
represent UO5 groups, and the pink AsO4. The dark blue circles represent the sodium/oxygen sites occupied in a 
1:3 ratio. 
 
 
 
157 
 
Table 5.18: Wyckoff positions of atoms in metazeunerite (Na(UO2)(AsO4).3H2O) in P4/ncc space group. Structure 
refined by Locock et al.214 
Atom Wyckoff 
symbol 
x y z Occ 
U  4c ¼ ¼ 0.542 1 
Na 16g 0.163 0.514 0.307 0.25 
As 4b ¾  ¼  0  1 
O (1) 4c ¼ ¼ 0.158 1 
O (2) 4c ¼ ¼ 0.452 1 
O (3) 16g 0.212 0.567  0.058 1 
O (4) 16g 0.163 0.514 0.307 0.75 
 
Rietveld refinement of high resolution synchrotron powder diffraction data, collected on the 
metazeunerite sample, was carried out, using the initial unit cell parameters obtained from 
the Pawley refinement (see Figure 5.8). Figure 5.18 shows the observed-calculated-
difference plots from this refinement. Bond restraints of 2.30 Å were used on the equatorial 
U – O bonds, and 1.85 Å on the axial U – O bonds. The thermal parameters for the oxygen 
atoms were constrained to be equal. The unit cell parameters were refined to be a = 7.153 
(1) Å and c = 17.612 (4) Å  ( Rwp =  6.435 and GoF = 2.174).   
 
 
Figure 5.18: Observed-Calculated difference plot of the Rietveld refinement of metazeunerite data at 293K in the 
P4/ncc space group, using the Locock model.214 (λ 0.82603 Å). This is a good match to the data. 
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The refined thermal parameters and atomic positions are shown in Table 5.19 and the BVS 
are given in Table 5.20. The BVS calculation for the Cu atom is extremely low (0.26), with 
long Cu-O bond distances to O atoms in the autunite sheets (2.811 and 3.152 Å). This 
indicates that the Cu ion in the metazeunerite crystal structure may be a [Cu(H2O)4]2+ ion 
with square planar geometry. However, the model indicates three bonds to O atoms on 
equivalent positions in the interlayer space and at 2.52 and 2.802 Å these may to too long to 
be bonding to the Cu ion in a square planar complex. This problem with the model is 
because the heavier U atoms within the structure scatter the X-rays to a far greater extent 
than the lighter O and Cu atoms. The comparatively low atomic weight of the atoms between 
the layers means it is extremely difficult to refine a convincing model even when using the 
high-resolution synchrotron data. This issue could be addressed by carrying out neutron 
diffraction on the Cu(UO2)2(PO4)x-2(AsO4)x.8H2O samples. X-rays are scattered by the 
electron cloud surrounding the nucleus and the greater the number of electrons, the stronger 
the scattering. Neutrons are scattered by the atomic nuclei themselves and hence scattering 
is not a function of the atomic number. A comparison of x-ray and neutron scattering lengths 
is given in Table 5.21. 
 
Table 5.19: Atomic positions and thermal parameters from refinement of PXRD data collected on metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) in space group P4/ncc. The thermal parameters for the Cu atom are still high at 4.2 Å2 
but it is much lower than the 20 Å2 value observed in the Hennig model in the P4/ncc model (see Table 5.12). 
Atom Wyckoff 
symbol 
x y z Beq (A2) Occ 
U  4c ¼ ¼ 0.0533 (3) 0.684 (1) 1 
Cu 16g 0.0739 (7) 0.813 (7) 0.439 (3) 4.214 (2) 0.125 
As 4b ¾  ¼  0  0.973 (3) 1 
O (1) 4c ¼ ¼ 0.551 (9) 1.236 (9) 1 
O (2) 4c ¼ ¼ 0.341 (9) 1.236 (9) 1 
O (3) 16g 0.487 (9) 0.158 (7)  0.303 (3) 1.236 (9) 1 
O (4) 16g 0.0739 (7) 0.813 (7) 0.439 (3) 4.214 (2) 0.875 
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Table 5.20: Bond valence analysis of calculated bond lengths from the Rietveld refinement of metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) in space group P4/ncc. Cu is very underbonded in this model. 
Bond 
Refined 
length (Å) bond valence 
number 
of bonds Sum Total 
U (1) – O (1) 1.823 0.94 1 0.94 5.83 
U (1) – O (2) 1.823 0.94 1 0.94  
U (1) – O (3) 2.285 0.99 4 3.95  
      
Cu (1) – O (4) 2.523 0.10 1 0.10 0.26 
Cu (1) – O (4) 2.806 0.05 1 0.05  
Cu (1) – O (4) 2.806 0.05 1 0.05  
Cu (1) – O (3) 2.811 0.05 1 0.05  
Cu (1) – O (2) 3.152 0.02 1 0.02  
      
As (1) – O (3) 1.687 1.24 4 4.96 4.96 
 
 
Table 5.21: Comparison of atomic for x-ray and neutron scattering lengths. The x-ray scattering lengths are 
directly related to the number of electrons (Z) in the atom, neutron scattering lengths are not directly related to 
Z.284, 319 
  
Element X-ray scattering length      
(0° 2θ) 
Neutron bound coherent 
scattering length (fm) 
Oxygen 8 5.803 
Phosphorus 15 5.13 
Copper 29 7.718 
Arsenic 33 6.58 
Uranium 238 92 8.402 
 
Of the space groups considered for metazeunerite, a structural model in P4/ncc – following 
the Locock model, gave the best fit to the high resolution synchrotron data. The copper 
atoms are not coordinated by two axial bonds to the oxygen atoms of uranyl groups, as they 
are no longer on the ¼, ¼, z site as they are in metatorbernite (Figure 5.1); this is indicated 
by the BVS analysis (Table 5.20) which shows that the bond lengths to the autunite sheets 
may now too long to be considered bonding. A projection of metazeunerite using the refined 
structure is shown in Figure 5.19 below.  
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Figure 5.19: Projection of metazeunerite in the P4/ncc space group. Yellow polyhedral represent UO6 groups and 
the pink AsO4.The dark blue spheres represent copper atoms. The Copper site is a quarter occupied. Viewed 
along bc axis. 
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5.4 Structure of solid solution (Cu(UO2)2(PO4)2-x(AsO4)x.8H2O) 
Data collected on three compositions of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution 
were refined (where x = 0.5, 1 and 1.5). Initially they were refined in the P4/n space group in 
which there are 2 unique P/As sites (¼, ¾, 0 and ¼, ¾, ½). Initial refinements were carried 
out to investigate if the atoms preferentially occupied one site over the other. However, 
higher GoF and Rwp values indicated that that in all cases the A and P atoms were 
distributed uniformly over the two possible sites. The bond valence parameters (R0) for 
arsenate and phosphate X – O bonds are given as 1.767 Å and 1.617 Å, respectively286 and 
these values give poor BVS results (> ± 0.2) in Rietveld refinements.  The bond length in the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O where x = 0.5, 1 and 1.5 was found to be related to the value 
of x in the solid solution and weighted R0 values were calculated according to Equations 5.1 
and 5.2 below. The weighted R0 values used for the As/P bond lengths are presented in 
Table 5.22.  
𝒏 = 𝒙(
𝟎. 𝟏𝟓
𝟐
) 
Equation 5.1 
 
𝟏. 𝟔𝟏𝟕 + 𝒏 = 𝒃𝒐𝒏𝒅 𝒍𝒆𝒏𝒈𝒕𝒉 (Å) 
Equation 5.2 
 
Table 5.22: Weighted R0 values used for BVS calculations of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution. The 
R0 values increase proportionately as the amount of arsenate in the crystal lattice increases. 
X Weighted  R0 values 
0 1.617 
0.5 1.6545 
1 1.692 
1.5 1.7295 
2 1.767 
 
 
Pawley refinements of the high-resolution data  collected on the samples Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O, Cu(UO2)2(PO4)2-x(AsO4)x.8H2O and Cu(UO2)2(PO4)2-x(AsO4)x.8H2O were 
carried out in the space group P4/n and the refined unit cell parameters are presented in 
Table 5.23. 
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Table 5.23: a and c parameters refined using a Pawley refinement for the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solution. The length of a and c increases as x (and therefore the amount of arsenate) increases. 
x a / Å c  / Å 
0.5 6.999 (2) 17.350 (7) 
1 7.037 (3) 17.384 (1) 
1.5 7.077 (2) 17.408 (8) 
 
Rietveld refinement of the high resolution datasets collected on the samples Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O, Cu(UO2)2(PO4)2-x(AsO4)x.8H2O and Cu(UO2)2(PO4)2-x(AsO4)x.8H2O in the 
space group P4/n were carried out using the refined unit cell parameters presented in Table 
5.20 and the atomic positions refined for metatorbernite (see Table 5.3) as starting values. 
Table 5.24 presents the refined a and c values along with the Rwp and GoF for each Rietveld 
refinement. The a and c parameters increase as the value of x increases; this is expected as 
the unit cell expands due to the larger size of the As atom, compared to the P atom. The Rwp 
value increases as x increases, however all values indicate a good match to the data (i.e. 
Rwp <10 and GoF 1-2). In all three of the refinements a bond distance restraint of 1.85 Å was 
placed on the apical U-O bonds and bond distance restraints of 2.38, 2.32 and 2.29 Å were 
placed on the equatorial U-O bonds for the three compositions ( x= 0.5, 1 and 1.5), 
respectively; this was due to the increase in the size of the arsenate ion A bond distance 
restraint of 1.95 Å was placed on the equatorial Cu-O bonds in the 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(PO4)(AsO4).8H2O structures. For the 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O composition, if a bond distance restraint was placed on the 
Cu-O equatorial bond of 1.95A, the refinement diverged, therefore, no Cu-O bond distance 
restraint was included in this refinement. Thermal parameters of the O sites and the As/P 
sites were also constrained to be equal (respectively). Observed-calculated-difference plots 
for the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solutions are shown below in Figure 5.20, Figure 
5.21 and Figure 5.22. All three plots indicate that the P4/n space group fits well with the 
high-resolution synchrotron data. 
 
Table 5.24: Refined unit cell parameters, Rwp and GoF values for Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solutions 
where x = 0.5, 1 and 1.5. Rwp and GoF look reasonable for all solid solutions. 
X a (Å) c (Å) Rwp GoF 
0.5 6.998 (2) 17.350 (7) 3.799 1.795 
1 7.037 (3) 17.384 (9) 4.260 1.760 
1.5 7.077 (2) 17.408 (8) 4.516 1.662 
 
163 
 
 
Figure 5.20: Observed-Calculated difference plot of a Rietveld refinement of Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in 
the P4/n space group (λ 0.82603 Å). 
 
 
Figure 5.21: Observed-Calculated difference plot of a Rietveld refinement of Cu(UO2)2(PO4)(AsO4).8H2O in the 
P4/n space group (λ 0.82603 Å). 
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Figure 5.22: Observed-Calculated difference plot of a Rietveld refinement of Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in 
the P4/n space group (λ 0.82603 Å). 
 
The refined atomic positions for Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O, 
Cu(UO2)2(PO4)(AsO4.8H2O) and Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O are given in Table 5.25, 
Table 5.26 and Table 5.27 respectively. The thermal parameters of all atoms are 
reasonable, which is good evidence to support the refined models in the P4/n space group 
are a good match to the high-resolution data. The BVS analysis of the three solid solution 
samples Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O, Cu(UO2)2(PO4)(AsO4).8H2O and 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O  are given in Table 5.28, Table 5.29 and Table 5.30 
respectively. The BVS for Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O, and Cu(UO2)2(PO4)(AsO4).8H2O 
are reasonable, indicating that the refined structure is a good match to the high-resolution 
synchrotron data. It can be observed that Cu is underbonded (BVS = 1.22) in the model 
refined for the composition Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O which indicates that this model 
may not be correct for this sample, this may be due to the U in the structure making it more 
difficult to locate the comparatively light Cu atoms in the interlayer space.  This will be 
discussed further in Sections 5.5 and 5.6.  
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Table 5.25: Atomic sites and thermal parameters for Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in the P4/n space group. 
Atom Wyckoff x y z Beq (Å2) Occ 
U (1) 2c 0.25 0.25 0.053 (1) 1.94 (1) 1 
U (2) 2c 0.25 0.25 0.552 (1) 1.16 (8) 1 
Cu (1) 2c 0.25 0.25 0.311 (1) 2.91 (1) 1 
P/As (1) 2a 0.25 0.75 0 1.51 (3) 0.75:0.25 
P/As (2) 2b 0.25 0.75 0.5 1.51 (3) 0.75:0.25 
O (1) 2c 0.25 0.25 0.446 (2) 1.60 (1) 1 
O (2) 2c 0.25 0.25 - 0.054 (2) 1.60 (1) 1 
O (3) 2c 0.25 0.25 0.659 (3) 1.60 (1) 1 
O (4) 2c 0.25 0.25 0.159 (3) 1.60 (1) 1 
O (5) 8g 0.218 (8) 0.577 (3) 0.057 (1) 1.60 (1) 1 
O (6) 8g 0.223 (8) 0.577 (3) 0.556 (1) 1.60 (1) 1 
O (7) 8g 0.522 (2) 0.186 (3) 0.310 (2) 1.60 (1) 1 
O (8) 8g 0.316 (3) 0.510 (2) 0.803 (2) 1.60 (1) 1 
 
 
Table 5.26: Atomic sites and thermal parameters for Cu(UO2)2(PO4)(AsO4).8H2O in the P4/n space group. 
Atom Wyckoff x y z Beq (Å2) Occ 
U (1) 2c 0.25 0.25 0.053 (1) 0.95 (8) 1 
U (2) 2c 0.25 0.25 0.554 (1) 0.55 (7) 1 
Cu (1) 2c 0.25 0.25 0.310 (1) 1.90 (9) 1 
P/As (1) 2a 0.25 0.75 0 1.08 (3) 0.5:0.5 
P/As (2) 2b 0.25 0.75 0.5 1.08 (3) 0.5:0.5 
O (1) 2c 0.25 0.25 0.446 (2) 1.11 (9) 1 
O (2) 2c 0.25 0.25 - 0.054 (2) 1.11 (9) 1 
O (3) 2c 0.25 0.25 0.659 (3) 1.11 (9) 1 
O (4) 2c 0.25 0.25 0.159 (3) 1.11 (9) 1 
O (5) 8g 0.201 (3) 0.579 (3) 0.057 (1) 1.11 (9) 1 
O (6) 8g 0.282 (4) 0.572 (3) 0.554 (1) 1.11 (9) 1 
O (7) 8g 0.514 (2) 0.340 (2) 0.304 (1) 1.11 (9) 1 
O (8) 8g 0.214 (2) 0.507 (2) 0.810 (1) 1.11 (9) 1 
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Table 5.27: Atomic sites and thermal parameters for Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in the P4/n space group. 
Atom Wyckoff x y z Beq (Å2) Occ 
U (1) 2c 0.25 0.25 0.054 (1) 1.86 (7) 1 
U (2) 2c 0.25 0.25 0.554 (1) 0.84 (6) 1 
Cu (1) 2c 0.25 0.25 0.310 (1) 2.77 (1) 1 
P/As (1) 2a 0.25 0.75 0 1.68 (2) 0.25:0.75 
P/As (2) 2b 0.25 0.75 0.5 1.68 (3) 0.25:0.75 
O (1) 2c 0.25 0.25 0.450 (2) 1.02 (1) 1 
O (2) 2c 0.25 0.25 - 0.052 (2) 1.02 (1) 1 
O (3) 2c 0.25 0.25 0.660 (2) 1.02 (1) 1 
O (4) 2c 0.25 0.25 0.159 (2) 1.02 (1) 1 
O (5) 8g 0.190 (3) 0.578 (3) 0.058 (1) 1.02 (1) 1 
O (6) 8g 0.212 (3) 0.574 (3) 0.547 (1) 1.02 (1) 1 
O (7) 8g 0.552 (2) 0.326 (2) 0.299 (1) 1.02 (1) 1 
O (8) 8g 0.211 (2) 0.487 (2) 0.808 (1) 1.02 (1) 1 
 
 
Table 5.28: BVS for Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in the P4/n space group. 
Bond Refined length (Å) bond valence number of bonds sum Total 
U (1) – O (2) 1.85 (4) 1.85 1 1.85 5.9 
U (1) – O (4) 1.84 (4) 1.85 1 1.85  
U (1) – O (5) 2.30 (2) 0.55 4 2.20  
      
U (2) – O (1) 1.84 (4) 1.85 1 1.85 5.9 
U (2) – O (3) 1.85 (4) 1.85 1 1.85  
U (2) – O (6) 2.30 (2) 0.55 4 2.20  
      
Cu (1) – O (7) 1.95 (2) 0.48 4 1.92 2.2 
Cu (1) – O (1) 2.33 (4) 0.17 1 0.17  
Cu (1) – O (4) 2.65 (4) 0.08 1 0.08  
      
P/As (1) – O (5) 1.57 (2) 1.25 4 5.00 5.0 
      
P/As (2) – O (6) 1.57 (2) 1.28 4 5.11 5.1 
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Table 5.29: BVS for Cu(UO2)2(PO4)(AsO4).8H2O in the P4/n space group. 
Bond Refined length (Å) bond valence number of bonds sum Total 
U (1) – O (2) 1.84 (3) 1.86 1 1.86 5.9 
U (1) – O (4) 1.85 (3) 1.84 1 1.84  
U (1) – O (5) 2.30 (2) 0.55 4 2.20  
      
U (2) – O (1) 1.84 (3) 1.86 1 1.85 6.0 
U (2) – O (3) 1.85 (3) 1.85 1 1.85  
U (2) – O (6) 2.28 (2) 0.58 4 2.32  
      
Cu (1) – O (7) 1.97 (1) 0.47 4 1.88 2.1 
Cu (1) – O (1) 2.40 (3) 0.14 1 0.14  
Cu (1) – O (4) 2.63 (3) 0.08 1 0.08  
      
P/As (1) – O (5) 1.62 (2) 1.21 4 4.86 4.9 
      
P/As (2) – O (6) 1.60 (2) 1.28 4 5.13 5.1 
 
 
Table 5.30: BVS for Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in the P4/n space group. The value for Cu is lower than 
would be expected, indicating Cu is underbonded. 
Bond Refined length (Å) bond valence number of bonds Sum Total 
U (1) – O (2) 1.79 (3) 2.16 1 2.16 6.0 
U (1) – O (4) 1.80 (4) 2.10 1 2.10  
U (1) – O (5) 2.38 (2) 0.44 4 1.76  
      
U (2) – O (1) 1.87 (4) 1.74 1 1.74 6.0 
U (2) – O (3) 1.88 (3) 1.69 1 1.69  
U (2) – O (6) 2.25 (1) 0.63 4 2.52  
      
Cu (1) – O (7) 2.19 (1) 0.25 4 1.00 1.2 
Cu (1) – O (1) 2.40 (4) 0.15 1 0.15  
Cu (1) – O (4) 2.68 (3) 0.07 1 0.07  
      
P/As (1) – O (5) 1.66 (2) 1.21 4 4.84 4.8 
      
P/As (2) – O (6) 1.64 (2) 1.27 4 5.08 5.1 
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5.5 Structure of metazeunerite (Cu(UO2)2(AsO4)2.8H2O) at 110K 
When cooled to 110 K (-163⁰C) the metazeunerite exhibited different behaviour from all 
other members of the solid solution. At low temperatures certain reflections were observed 
to split. Analysis of the indexing (see Appendix 2) found the hkl components with the spit 
peaks were associated with the ab unit cell lengths which indicated that a and b were no 
longer the same length and the crystal system had lowered in symmetry from tetragonal to 
orthorhombic (Figure 5.23). On heating the samples reverted to the tetragonal crystal system 
at 323 K (50⁰C). 
 
 
Figure 5.23: PXRD pattern of metazeunerite (Cu(UO2)2(AsO4)2.8H2O) at 110 (green)  
and 293K (blue) (λ 0.82603 Å). At 110K peak splitting can be observed in reflections associated with the ab unit 
cell lengths. 
 
This behaviour has been previously observed in the hydrogen phosphate (HUO2PO4.4H2O) 
and hydrogen arsenate (HUO2AsO4.4H2O) members of the autunite group. Shilton et al170 
found that at 305K (32 ºC) HUO2AsO4.4H2O crystallised in the tetragonal space group 
P4/ncc, but at 274K (1ºC) the symmetry had lowered, and the unit cell was indexed in the 
orthorhombic space group Pccn.  The Pccn space group was therefore chosen as a potential 
space group for further refinement of the data collected on the metazeunerite sample at 
110K. A Pawley refinement of high resolution synchrotron powder diffraction data, collected 
on the metazeunerite (Cu(UO2)2(AsO4)2.8H2O) sample, was carried out. The unit cell 
parameters were refined be to a = 7.114 (4) Å  b = 7.160 (3) Å and c = 17.540 (9) Å (Rwp = 
7.163 and GoF = 2.736). The observed-calculated-difference plot from the Pawley 
refinement of these data is shown in Figure 5.24.  
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Figure 5.24: Observed-Calculated difference plot of a Pawley refinement of synchrotron powder XRD data 
collected on Cu(UO2)2(AsO4)2.8H2O  in the Pccn space group (λ 0.82603 Å). 
 
A Rietveld refinement of high resolution synchrotron powder diffraction data, collected on the 
metazeunerite (Cu(UO2)2(AsO4)2.8H2O) sample, was carried out in the Pccn space group, 
using the HUO2AsO4.4H2O model starting atomic positions.  This gave refined unit cell 
parameters of a = 7.114 (2) Å, b = 7.160 Å (2) and c = 17.539 Å (5) (Rwp of 6.567 and GoF 
2.061) (Figure 5.25). Bond distance restraints were placed on the U-O bonds of 1.85 and 2.3 
Å for the apical and equatorial bonds, respectively. 
 
Figure 5.25: Observed-Calculated difference plot of a Rietveld refinement of synchrotron powder XRD data 
collected on Cu(UO2)2(AsO4)2.8H2O in the Pccn space group (λ 0.82603 Å). This is a good match to the data. 
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The atomic positions, thermal parameters and Wyckoff positions are shown in Table 5.31. 
BVS for this model are given in Table 5.32. The refinement for metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) in space group Pccn is a good match for the high-resolution 
synchrotron data. The bond lengths are within acceptable limits for the As – O and U – O 
bonds and this is confirmed by BVS, where the sums are within ± 0.2 of the ideal oxidation 
state of the central atom. This is good evidence this is a reasonable structural model for the 
metazeunerite sample at 110K. The Cu atoms are again extremely underbonded (0.298). 
Again, due to the comparatively high atomic weight of U and As it is not possible to 
accurately locate the Cu and O atoms in the interlayer space. For this reason, neutron 
diffraction would be needed to locate these atoms. A projection of the refined structure of 
metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in space group Pccn is presented in Figure 5.26. 
The P4/ncc and Pccn space groups are related; Pccn is a non-isomorphic subgroup of 
P4/ncc. 
 
Table 5.31: Atomic sites and thermal parameters for the Cu(UO2)2(AsO4)28H2O in the Pccn space group. The 
thermal parameters for the Cu atoms is relatively high, due to the masking effect of the uranium in the autunite 
layers. 
Atom Wyckoff x y z Beq (Å2) Occ 
U (1) 4c 0.25 0.25 0.054 (1) 0.116 (1) 1 
Cu (1) 8e 0.496 (3) 0.356 (3) 0.307 (2) 4.159 (2) 0.125 
Cu (2) 8e 0.327 (1) 0.531 (1) 0.807 (7) 4.159 (2) 0.125 
As (1) 4d 0.75 0.25 0 0.269 (4) 1 
O (1) 4c 0.25 0.25 0.159 (5) 0.146 (8) 1 
O (2) 4c 0.25 0.25 0.944 (7) 0.146 (8) 1 
O (3) 8e 0.568 (1) 0.303 (1) 0.0576 (6) 0.146 (8) 1 
O (4) 8e 0.201 (1) 0.929 (1) 0.558 (6) 0.146 (8) 1 
O (5) 8e 0.496 (3) 0.356 (3) 0.307 (2) 4.159 (2) 0.875 
O (6) 8e 0.327 (1) 0.531 (1) 0.807 (7) 4.159 (2) 0.875 
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Table 5.32: Bond valence calculations for the Cu(UO2)2(AsO4)28H2O in the Pccn space group Cu. The Cu atoms 
are very underbonded in this model. 
Bond Refined length (Å) bond valence number of bonds Column1 Total 
U (1) – O (1) 1.81 (1) 2.05 1.00 2.05 6.2 
U (1) – O (2) 1.82 (8) 2.0 1.00 2.0 
 
U (1) – O (3) 2.29 (7) 0.57 2.00 1.13 
 
U(1) - O(4) 2.33 (7) 0.51 2.00 1.02 
 
      
Cu (1) – O (6) 2.490 (3) 0.11 1 0.11 0.28 
Cu (1) – O (6) 2.638 (2) 0.07 1 0.07  
Cu (1) – O (4) 2.757 (1) 0.05 1 0.05  
Cu (1) – O (6) 2.970 (2) 0.03 1 0.03  
Cu (1) – O (3) 3.060 (3) 0.02 1 0.02  
      
Cu (2) – O(5) 2.49 (3) 0.11 1 0.11 0.28 
Cu (2) – O (5)  2.638 (2) 0.07 1 0.07  
Cu (2) – O (3) 2.757 (1) 0.05 1 0.05  
Cu (2) – O (5) 2.970 (2) 0.03 1 0.03  
Cu (2) – O (2) 3.153 (2) 0.02 1 0.02  
      
As (1) – O (3) 1.66 (8) 1.34 2.00 2.68 5.1 
As (1) – O (4) 1.70 (8) 1.21 2.00 2.42 
 
 
 
Figure 5.26: bc Projection of metazeunerite (Cu(UO2)2(AsO4)2.8H2O)  at 110⁰K in the Pccn space group. Yellow 
polyhedral represent UO6 groups and the pink AsO4.The dark blue spheres represent copper atoms, which 
occupy the two Cu positions at 0.125%. 
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Other meta-autunite structures are known to crystallise in the Pnma space group; for 
example, autunite (Ca(UO2)2(PO4)2.11H2O). A Pawley refinement of high resolution 
synchrotron powder diffraction data, collected on the metazeunerite (Cu(UO2)2(AsO4)2.8H2O) 
sample at 110K, was carried out in space group Pnma. The unit cell parameters were 
refined be to a = 7.115 (6) Å,  b = 7.159 (7) Å and c = 17.543 (2) Å (Rwp = 13.281 and GoF = 
5.084). The observed-calculated and difference plots from the Pawley refinement are shown 
in Figure 5.27, with noticeable issues with the fit to the data. For instance, the observed 
reflection at around 9.4° 2θ is not indexed using this space group and certain peaks present 
in the model are not observed in the data – for example at 7.1° 2θ. 
 
Figure 5.27: Observed-Calculated difference plot of a Pawley refinement of synchrotron powder XRD data 
collected on metazeunerite (Cu(UO2)2(AsO4)2.8H2O)  in the Pnma space group (λ 0.82603 Å The observed 
reflection at around 9.4° 2θ is not indexed using this space group (green arrow in the expanded section) and 
certain peaks present in the model are not observed in the data – for example at 7.1° 2θ (black arrow in the 
expanded section). 
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5.6 Conclusions 
Rietveld refinement was carried out on five samples of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
solid solution where x = 0, 0.5, 1, 1.5 and 2. The refinements confirmed that metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) and metazeunerite (Cu(UO2)2(AsO4)2.8H2O) crystallise in different 
space groups  (P4/n and P4/ncc, respectively). The compositions 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(PO4)(AsO4).8H2O were also shown to 
crystallise in the space group P4/n and the Cu2+ ions were octahedrally coordinated, with 
four equatorial bonds to O atoms of water molecules and two axial bonds to two oxygen 
atoms from the UO6 polyhedra in adjacent autunite sheets. The copper was present in these 
three samples on the ¼, ¼, z position. The Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O compositions 
was also shown to crystallise in the P4/n space group, with the Cu atom present on the ¼, 
¼, z position. However, in this sample, the BVS analysis indicates Cu2+ may now be 
coordinated in a square planar geometry with 4 water molecules. However, neutron 
diffraction would be required to confirm this. The metazeunerite (Cu(UO2)2(AsO4)2).8H2O 
sample crystallised in the P4/ncc space group and the Cu was no longer located on the ¼, 
¼, z position. However, the disorder of the interlayer space, coupled with the low molecular 
weight of O and Cu, when compared to U and As, meant a convincing model could not be 
refined. Neutron diffraction may help in the refinement of an accurate model for 
metazeunerite and Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O.  In Chapter 6 the stability of the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution in different solutions is investigated, in order to 
determine if the space group affects the reactions of the different solid solutions. 
The low temperature experiments revealed a difference in the behaviour of metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) when cooled to 110K.  Peak splitting observed was associated with 
the ab unit cell lengths, which implied that the a and b unit cell parameters were no longer 
the same length. The splitting lowered the symmetry and the crystal was now orthorhombic, 
rather than tetrahedral. This behaviour was not detected in any other solid solutions 
investigated, though it may be that if the temperature was lowered further it may be 
observed in other Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution member phases.  
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 Chapter 6: Investigations into the stability of the Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O solid solution under variable conditions of pH and in 
the presence of bicarbonate 
6.1 Introduction 
Previous studies have shown that uranium phosphates are extremely stable in circa-neutral 
pH conditions (~pH 7-8).83, 168, 203, 212, 252 However, there is less research into the stability of 
uranyl-arsenate phases and in the past these minerals were often considered together due 
to the similarity of their crystal chemistry and the ability of the anions to substitute for one 
another in the crystal lattice.320 Therefore, further work is needed to investigate whether 
arsenic analogues or member phases of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution will 
be as stable as metatorbernite under different conditions of pH and in the presence of 
bicarbonate, as indicated from studies in Chapter 4.  
In Chapter 5, Rietveld refinement of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution 
indicated a change in space group between metatorbernite (Cu(UO2)2(PO4)2.8H2O) and 
metazeunerite (Cu(UO2)2(AsO4)2.8H2O). The former crystallised in the P4/n space group and 
the latter in the P4/ncc space group. In metatorbernite the Cu2+ ion is Jahn Teller distorted 
with a 4 + 2 coordination environment. It has four short equatorial Cu – O bonds to oxygen 
atoms of water in the interlayer space and 2 longer axial bonds to oxygen atoms in the 
uranyl sheet (see Figure 5.1). In metazeunerite, there was some indication that the Cu2+ ion 
has square planar geometry and is coordinated only to four water molecules (see Figure 
5.7), however neutron diffraction would be needed to confirm this. Rietveld refinement of the 
high-resolution synchrotron data collected on the x = 0.5, 1 and 1.5 Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O solid solution members, indicated all three samples had crystallised in the 
P4/n space group, however, while the Cu2+ ion in the Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O samples was octahedrally coordinated, there was again some 
indication that the Cu2+ ion in the  Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O had square planar 
geometry, comparable to that observed in the metazeunerite sample (see Section 5.4). It 
was unknown if the difference in space group and coordination of the Cu2+ ion would impact 
on the stability of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution. In this chapter, the 
stability of the member phases of the metatorbernite-metazeunerite solid solution were 
investigated under different conditions of pH. Further experiments were conducted into the 
effect of different bicarbonate solutions (NaHCO3, KHCO3 and NH4HCO3) on the stability of 
the solid solution by varying the concentration, time and temperature of the bicarbonate 
solutions. This was undertaken as experiments conducted on natural samples (see Chapter 
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4) indicted a difference in the way the spoil is interacting with the different bicarbonate 
solutions. 
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6.2 Stability of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution under different 
conditions of pH 
The stability of the synthetic Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution was investigated 
under different conditions of pH. Using the methodology of Crean et al115, solutions of 0.1 M 
H2SO4 (pH 1.1), 0.1 M citric acid (pH 3.0) and 0.5 M ammonium bicarbonate (NH4HCO3 – pH 
8.0) were chosen as representatives of a strong acid, weak acid, and weak base 
respectively. A 0.1 M solution of NaOH (pH 13.2) was also used to give strong basic 
conditions as well as solutions of NaHCO3  (pH 8.2) and KHCO3 (pH 8.3) (also at a 
concentration of 0.5 M) to further examine the effects of carbonate on these phase, as 
carbonate is known to cause the dissolution of autunite-type minerals via the formation of 
stable uranyl carbonate complexes (see Section 6.3).115, 201 However, cation-exchange is 
known to occur in autunite-type minerals.199, 214 Therefore, it could be possible for the cations 
in the bicarbonate solutions to exchange with the copper ions in the Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O solid solution phase members. Mineral water (Buxton – at pH 7.4) was used 
alongside these solutions as an analogue for surface water of circa-neutral pH. However, the 
surface water at the South Terras site was found to be more acidic than this (~pH 5.3-6) and 
in addition the ionic complexes will differ at this site, therefore the Buxton water is only an 
approximation for the surface water at South Terras. 
0.05 g (~5 x 10-5 M) of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases (where x = 0, 
0.5, 1, 1.5 or 2) were immersed in 1.5 mL of one of the solutions described above and 
placed on a shaker for a period of one week. After this time the filtrate was separated from 
the solid solution phases by vacuum filtration using a Buchner funnel and a 0.45 µm 
cellulose membrane. The liquid phase was then analysed by ICP-OES and the solid solution 
phases by PXRD, SEM and ICP-OES. See Chapter 2, Section 2.7.2 for more details of the 
experimental procedure. Due to constraints on the amount of radioactive material 
permissible in the laboratory at a given time, it was only possible to conduct each experiment 
once.  
6.2.1 PXRD results  
The PXRD patterns for the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution after immersion in 
solutions of different pH are shown below in Figure 6.1 to Figure 6.5. The metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) phase does not show any significant changes after immersion in any 
of the solutions and was indicated to be crystalline metatorbernite by PXRD (Figure 6.1);  
there may be some loss of intensity and broadening of the peaks in NaOH. The 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(PO4)(AsO4).8H2O samples (Figure 6.2 and 
Figure 6.3, respectively) showed no change except in 0.1 M NaOH solution, where the 
178 
 
crystalline structure appears to have degraded, leaving an amorphous solid. The 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and metazeunerite (Cu(UO2)2(AsO4)2.8H2O) samples also 
appear to have degraded to an amorphous solid in the 0.1 M NaOH (Figure 6.4 and Figure 
6.5). However, there are also changes in the PXRD patterns of the solid samples immersed 
in 0.5 M KHCO3 and NH4HCO3. In both these solutions there is observable peak shifting and 
broadening. Peak splitting is also observed in the NH4HCO3 solutions. These changes could 
indicate that a new crystalline phase is being formed, either by ion exchange with the cations 
in NH4HCO3 and KHCO3 solution to form (NH4)(UO2)(XO4).3H2O or K(UO2)(XO4).3H2O 
(where X can be P or As), respectively or by dissolution/precipitation.199, 211 
 
 
Figure 6.1: PXRD pattern of metatorbernite (Cu(UO2)2(PO4)2.8H2O) in solutions of different pH after one week. 
The black vertical lines are ICDD card 04-012-9884 (metatorbernite). Only the NaOH appears to have had a 
significant effect on the crystal structure. 
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Figure 6.2: PXRD pattern of Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in solutions of different pH after one week. 
 
 
Figure 6.3: PXRD pattern of Cu(UO2)2(PO4)(AsO4).8H2O in solutions of different pH after one week. 
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Figure 6.4: PXRD pattern of Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in solutions of different pH after one week. 
 
Figure 6.5: PXRD pattern of metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in solutions of different pH after one week. 
The black vertical lines are ICDD card 04-014-8463 (metazeunerite), the blue vertical lines are  ICDD card 00-16-
395 (NH4(UO2)(AsO4).3H2O)and the red vertical lines are ICDD 00-72-166 (K(UO2)(AsO4).3H2O). 
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6.2.2 SEM results 
The SEM images taken of the metatorbernite (Cu(UO2)2(PO4)2.8H2O) and metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) samples after one week in solutions of different pH are shown in 
Figure 6.6 and Figure 6.7, respectively. The morphology of metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) appears to have undergone the most significant change in the NaOH 
(Figure 6.6g), where there appear to be signs of crystal degradation; smaller crystallites 
appear to be depositing on the surface of the larger crystallites, along with the appearance of 
pitting and the formation of needles. Smaller crystallites appear to be depositing on the 
surface of the samples immersed NaHCO3 (Figure 6.6d), and perhaps also on the samples 
immersed in KHCO3 and NH4HCO3  (Figure 6.6e and f, respectively). 
The metazeunerite (Cu(UO2)2(AsO4)2.8H2O) samples appear unchanged in the mineral 
water, citric acid and H2SO4  (Figure 6.7b, c and h). The sample shows obvious signs of 
degradation after immersion in the NaOH, with the changes appearing similar to those which 
appeared in the metatorbernite. There are some signs of degradation in the samples 
immersed in KHCO3 and NaHCO3 (Figure 6.7 d and e), as smaller crystallites appear to be 
depositing on the surface of the larger crystallites. Both these solutions appear to have had a 
more significant impact on the morphology of metazeunerite when compared to the 
metatorbernite. There appears to be no visible change in the samples immersed in 
NH4HCO3, and this contrasts with the PXRD data, where there appears to be signs of peak 
broadening and splitting (Figure 6.5). This may be because ion-exchange occurring in the 
same structure, rather than the formation of a new structure, or because the morphology of 
the new crystals is similar to the metatorbernite-type phases. 
In general, the solutions of neutral and acidic pH do not appear to affect the Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O solid solution as significantly as the solutions of basic pH. The differences in 
the interactions of the liquid phases with the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution are 
discussed in more depth in Sections 6.2.3 and 6.2.4. 
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Figure 6.6: SEM images of metatorbernite (Cu(UO2)2(PO4)2.8H2O) before immersion (a) and after immersion in; 
mineral water (b), citric acid (c), NaHCO3 (d), KHCO3 (e), NH4HCO3 (f), NaOH (g), H2SO4 (h). The greatest effect 
can be noticed on the crystal structure in the NaOH solution. 
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Figure 6.7: SEM images of metazeunerite (Cu(UO2)2(AsO4)2.8H2O) before immersion (a) and after immersion; 
mineral water (b), citric acid (c), NaHCO3 (d), KHCO3 (e), NH4HCO3 (f), NaOH (g), H2SO4 (h). The greatest effect 
can be noticed on the crystal structure in the NaOH solution. 
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6.2.3 ICP-OES Results 
After a week in solutions of different pH the solid and liquid phases were separated via 
filtration, as described previously in Section 6.2. The solid phases were digested in 1:1  
H2O:HNO3 before dilution and ICP-OES analysis, alongside the liquids that the solid phases 
had been immersed in. The elements present in both the liquid and solid fractions were 
summed to give a total, and from this an estimate of the percentage present in each phase 
could be given, according to Equation 6.1, below. The results of these analyses are shown in 
Figure 6.8 – Figure 6.11. The raw data is given in Appendix 1. 
 
% 𝒆𝒍𝒆𝒎𝒆𝒏𝒕 𝒊𝒏 𝒔𝒐𝒍𝒊𝒅 𝒐𝒓 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 =
𝑬𝒍𝒆𝒎𝒆𝒏𝒕 𝒑𝒓𝒆𝒔𝒆𝒏𝒕 𝒊𝒏 𝒔𝒐𝒍𝒊𝒅 𝒐𝒓 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 (𝒑𝒑𝒎)
𝑻𝒐𝒕𝒂𝒍 𝒆𝒍𝒆𝒎𝒆𝒏𝒕 𝒑𝒓𝒆𝒔𝒆𝒏𝒕 𝒊𝒏 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 𝒂𝒏𝒅 𝒔𝒐𝒍𝒊𝒅 (𝒑𝒑𝒎)
 ×  𝟏𝟎𝟎 
Equation 6.1 
 
The mineral water had the least effect on any of the solid solutions. There was a weak trend 
towards more As and U being leached into solution as the content of arsenate increased in 
the solid solution. This may be due to the bicarbonate ions in the water (248 mg/L321) 
causing the partial dissolution of the solid solution (see Section 6.2.4).  The strongly acidic 
H2SO4 leached more uranium into the liquid phase, across all compositions (~24% - 54%), 
than any of the other solutions. It also leached As, Cu and P in significant amounts (~35 – 
54%, ~29 – 61% and ~22 – 60%) respectively. No overall trend was observed to relate the 
percentage of elements leached into the liquid phase with the composition of the solid 
solution. The amounts of all elements in solution after one week in H2SO4 were lower than 
expected in the Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O phase. As the experiment was only carried 
out once, this result may be an anomaly, and should be repeated in future work. The weakly 
acidic solution (citric acid) also leached all elements into solution, though in smaller amounts 
than the H2SO4.   
 
NaOH leached less than 1% of U and Cu into solution in all cases, this may be due to the 
precipitation of new U and Cu phases and this is discussed further in Section 6.2.4. NaOH 
has leached the highest amounts of As and P into solution; ~78 – 93% and ~64 – 75%, 
respectively. This would appear to agree with the SEM and XRD results, where it can clearly 
be observed that the structure of the solids appear to be breaking down in the basic solution 
(see Figure 6.6g and Figure 6.7g). 
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The weakly basic NaHCO3 solution follows a similar pattern to the NaOH, in that it leached 
comparatively more As and P into solution (~41 – 45% and ~17 – 29%) than Cu (< 10% in 
all solid solutions). However, while the NaOH leached <1% U, the NaHCO3 leached ~27 – 
47%. This is almost certainly due to the formation of uranyl carbonate ions in the solution 
and would be consistent with the predicted behaviour of uranium at pH 8 in the U-CO2-water 
system (see Figure 3.21), where it is expected to be present as the [UO2(CO3)2(H2O]2- 
complex ion. The NH4HCO3 behaves differently than the NaHCO3 leaching comparatively 
equal amounts of As, Cu, P and U into solution in the Cu(UO2)2(PO4)2.8H2O and 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O solid phases. Conversely, the Cu(UO2)2(PO4)(AsO4).8H2O 
sample, after immersion in the NH4HCO3 showed an increaed amount of Cu in the liquid 
fraction (~18%, compared to ~10 and 9% in the KHCO3  and NaHCO3, respectively). This 
trend continues as the amount of arsenate in the solid solution increases; for the 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(AsO4)2.8H2O samples, the NH4HCO3 is 
observed to leach around 52% Cu into the liquid phase. The increase in Cu in solution 
supports the observations from analysis of the PXRD data, which indicated that an ion-
exchange reaction may be occurring, in which the Cu2+ ions between the uranyl sheets may 
be exchanging with cations in the bicarbonate solution producing an NH4(UO2)(PO4)-
x(AsO4)x.nH2O phase. The KHCO3 solution leaches more U than the NH4HCO3, but also 
more Cu than the NaHCO3, indicating that dissolution/reprecipitation and ion-exchange may 
be occurring in the same samples.   
 
Figure 6.8: As in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid phases for  one week in 
solutions of different pH. 
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Figure 6.9: Cu in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid phases for  one week in 
solutions of different pH. 
 
 
Figure 6.10: P in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid phases for  one week in 
solutions of different pH. 
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Figure 6.11: U in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid phases for  one week in 
solutions of different ph. Acidic and weakly basic solutions have leached the most uranium. 
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6.2.4 Discussion 
The two acidic solutions, H2SO4 and citric acid (C6H8O7), deprotonate and react with the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution according to Equation 6.2, where X can be P or 
As. As H2SO4 is a stronger acid, more hydronium ions will be present in solution, causing the 
dissolution of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution to occur more rapidly.201, 204 
 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑿𝑶𝟒)𝟐. 𝒏𝑯𝟐𝑶 (𝒔) + 𝟐𝑯
+(𝒂𝒒) =  𝑪𝒖𝟐+(𝒂𝒒) + 𝟐𝑼𝑶𝟐
𝟐+(𝒂𝒒) + 𝟐𝑯𝑿𝑶𝟒
𝟐− (𝒂𝒒) + 𝒏𝑯𝟐𝑶 
Equation 6.2 
Gudavalli et al proposed the dissolution of autunite-type minerals occurs according to 
Equation 6.3. These authors used MINTEQ geochemical modelling software to investigate 
the predominant species at pH 7-8 in the presence of bicarbonate ions (Equation 6.4).124 
However, alongside the matrix dissolution reaction given in Equation 6.2, ion-exchange is 
also occurring simultaneously.199 This is shown in Equation 6.5 – where M is a monovalent 
cation.  
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑿𝑶𝟒)𝟐. 𝒏𝑯𝟐𝑶 (𝒔)  =   𝟐𝑼𝑶𝟐
𝟐+ (𝒂𝒒) + 𝑪𝒖𝟐+(𝒂𝒒) + 𝟐𝑿𝑶𝟒
𝟑−(𝒂𝒒) + 𝒙𝑯𝟐𝑶 
Equation 6.3 
 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑿𝑶𝟒)𝟐. 𝒏𝑯𝟐𝑶 (𝒔) + 𝟐𝑯𝑪𝑶𝟑
− (𝒂𝒒)
→  𝟐𝑼𝑶𝟐(𝑪𝑶𝟑)𝟑
−𝟒(𝒂𝒒) + 𝟐𝑯𝑿𝑶𝟒
𝟐−(𝒂𝒒) +  𝟐𝑪𝒖𝟐+(𝒂𝒒) + 𝒏𝑯𝟐𝑶 
Equation 6.4 
 
𝑪𝒖(𝑼𝑶𝟐)𝟐(𝑿𝑶𝟒)𝟐. 𝒏𝑯𝟐𝑶 (𝒔) + 𝟐𝑴
+(𝒂𝒒) =  𝟐𝑴(𝑼𝑶𝟐)(𝑿𝑶𝟒). 𝒏𝑯𝟐𝑶 (𝒔) +  𝑪𝒖
𝟐+(𝒂𝒒)  
Equation 6.5 
Matrix dissolution appears to be the dominant reaction in all Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
solid solutions member phases when immersed in NaHCO3. Matrix dissolution is also 
dominant when Cu(UO2)2(PO4)2.8H2O, Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O are immersed in NH4HCO3 and KHCO3. However, when 
Cu(UO2)2(AsO4)2.8H2O and Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O are immersed in NH4HCO3 and 
KHCO3 peak splitting and broadening is observed in the PXRD patterns (Figure 6.4 and 
Figure 6.5). This would indicate that ion-exchange is also occurring, and the Cu2+ ions are 
exchanged for K+ ions and NH4+ ions when immersed in KHCO3 and NH4HCO3200, 
respectively. The PXRD data were compared with known patterns of K(UO2)(AsO4).3H2O  
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and NH4(UO2)(AsO4).3H2O which indicated that ion-exchange or dissolution/repreciptation 
was occurring, but the reaction had not gone to completion. It was decided to investigate the 
effects of varying the time and temperatures of the reactions, along with concentrations of 
the bicarbonate solution. If the reaction went to completion and single phase exchanged 
samples of different autunite phases (NH4(UO2)(XO4).3H2O and K(UO2)(XO4).3H2O) form, 
this would enable unit cell parameters to be obtained and the patterns indexed. This work is 
presented in Sections 6.3 – 6.5. 
In the work reported by Astilleros et al202 the dissolution of metatorbernite in NaOH was 
observed. They proposed that this occurred due to the high pH of the solution causing the 
formation of the CO32-  ion from dissolved CO2 (Equation 6.6). They further postulated that 
the carbonate ions then caused the dissolution of the metatorbernite. However, after 
dissolution, the uranyl UO22+ ions react with the OH- ions in solution and precipitates to form 
sodium diuranate (Na2U2O7) – Equation 6.7.322 This would account for the uranium being 
found in the solid fraction (which is supported by the PXRD data (see Figure 6.12)) and the 
As and P are present in the liquid phase.  The Cu may have precipitated as Cu(OH)2 
(Equation 6.8) or Cu2(OH)2CO3 (Equation 6.9) however, no evidence for their presence could 
be found by PXRD. Therefore, it is also possible Cu2+ ions may co-precipitate with the 
Na2U2O7. 
 𝑯𝟐𝑶 +  𝑪𝑶𝟐 (𝒂𝒒) =  𝑯𝟐𝑪𝑶𝟑 (𝒂𝒒) =  𝑯
+(𝒂𝒒) +  𝑯𝑪𝑶𝟑
− (𝒂𝒒) =  𝟐𝑯+(𝒂𝒒) +  𝑪𝑶𝟑
𝟐−(𝒂𝒒) 
Equation 6.6 
 
𝟐𝑼𝑶𝟐
𝟐+ (𝒂𝒒) + 𝟔𝑵𝒂𝑶𝑯 (𝒂𝒒) =  𝑵𝒂𝟐𝑼𝟐𝑶𝟕(𝒔) +  𝟒𝑵𝒂
+(𝒂𝒒) + 𝟑𝑯𝟐𝑶  
Equation 6.7 
 
𝑪𝒖𝟐+ (𝒂𝒒) + 𝟐𝑵𝒂𝑶𝑯 (𝒂𝒒) = 𝑪𝒖(𝑶𝑯)𝟐(𝒔) + 𝟐𝑵𝒂
+ (𝒂𝒒) 
Equation 6.8 
 
𝟐𝑪𝒖𝟐+ (𝒂𝒒) + 𝟐𝑶𝑯− (𝒂𝒒) + 𝑪𝑶𝟑
𝟐− (𝒂𝒒) = 𝑪𝒖𝟐(𝑶𝑯)𝟐𝑪𝑶𝟑 (𝒔) 
Equation 6.9 
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Figure 6.12: Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) after 1 week immersed in 0.1 M NaOH. The crystal structure 
of metazeunerite has undergone almost complete breakdown and new peaks are forming which may be a 
Na2U2O7 phase. 
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6.3 The effect of concentration of NH4HCO3, KHCO3 and NaHCO3 the stability of 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O phases  
The following section investigates the reactions of the Cu(UO2)2(PO4)2-x(ASO4)x.8H2O solid 
solution  in NH4HCO3, KHCO3 and NaHCO3 at different concentrations. Sections 6.4 and 6.5 
investigate the reactions of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution  in NH4HCO3, 
KHCO3 and NaHCO3 under different conditions of time and temperature, respectively. The 
results of Sections 6.3, 6.4 and 6.5 will be discussed together in Section 6.6. The effects of 
the concentration of NH4HCO3, KHCO3 and NaHCO3 on the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
solid solution were investigated to determine whether an ion-exchange or a dissolution 
reaction predominated. 0.05 g Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases (where x 
= 0, 0.5, 1, 1.5 or 2) were weighed into a 15 mL centrifuge tube. 1.5 mL of NH4HCO3, 
KHCO3 or NaHCO3 at a concentration of 0.1, 0.25, 0.5 or 1 M was added. The sample was 
placed on a shaker for 1 week before separation by vacuum filtration, as described in 
Section 6.2. A period of 1 week was chosen as both the Cu(UO2)2(AsO4)2.8H2O and 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples showed ion exchange of Cu2+ with NH4+ and K+ in 
NH4HCO3 and KHCO3, respectively, over this time period in previous experiments (see 
Section 6.2).   The liquid phase was then analysed by ICP-OES and the solid phases by 
PXRD, SEM and ICP-OES. 
 
6.3.1 PXRD results 
PXRD data collected on metatorbernite (Cu(UO2)(PO4)2.8H2O), 
Cu(UO2)(PO4)0.5(AsO4)1.5.8H2O  and   metazeunerite (Cu(UO2)(AsO4)2.8H2O) are shown in 
Figure 6.13 – Figure 6.15 respectively, The data for Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O are presented in Appendix 2.  The PXRD data collected on the 
metatorbernite (Cu(UO2)2(PO4)2).8H2O), Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O suggest that these phases are still present at each of the 
concentrations of NH4HCO3, KHCO3 and NaHCO3 investigated. A loss of intensity is 
observed in the NaHCO3 between 0.5 and 1 M, and this indicates that the structure is 
possibly degrading. The metazeunerite (Cu(UO2)2(AsO4)2.8H2O) and 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples show definite degradation in the 1 M NaHCO3, with 
a loss of intensity of the peaks observed, and an amorphous halo visible at around 9.7° 2θ in 
the Cu(UO2)2(AsO4)2.8H2O sample in both 0.5 and 1 M solutions. However, there are still 
observable peaks from a metatorbernite-type phase present even at 1 M concentration of 
NaHCO3, indicating that the dissolution reaction has not gone to completion. Both the 
(Cu(UO2)2(AsO4)2.8H2O) and Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples show indications of 
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ion exchange in both KHCO3 and NH3HCO3 solutions, even at 0.1 M concentrations, with 
broadening and splitting of the peaks observed (see Figure 6.15).  
 
 
 
 Figure 6.13: Metatorbernite (Cu(UO2)2(PO4)2.8H2O) in different concentrations of NaHCO3 (a), KHCO3 (b) and           
NH4HCO3 (c). No significant effect is noticed in any solution.   
a 
b 
c 
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Figure 6.14: Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in different concentrations of NaHCO3 (a), KHCO3 (b) and NH4HCO3 
(c). Peak splitting can be observed in KHCO3  and NH4HCO3. Lattice breakdown is observed in NaHCO3. 
a 
b 
c 
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Figure 6.15: Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in different concentrations of NaHCO3 (a), KHCO3 (b) and 
NH4HCO3 (c).  The black vertical lines are ICDD card 04-014-8463 (metazeunerite), the blue vertical lines are  
ICDD card 00-16-395 (NH4(UO2)(AsO4).3H2O)and the red vertical lines are ICDD 00-72-166 
(K(UO2)(AsO4).3H2O). 
a 
b 
c 
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6.3.2 SEM results 
SEM images for metatorbernite (Cu(UO2)2(PO4)2.8H2O) immersed in solutions of NH4HCO3, 
KHCO3 and NaHCO3 at 0.5 M and 1 M are presented in Figure 6.16. The greatest difference 
in morphology is observed in the NaHCO3 samples, where in the 0.5 M solution some 
smaller crystallites can be observed to be forming on the surface of the larger crystallites 
(Figure 6.16b). In 1 M NaHCO3 (Figure 6.16c) obvious signs of crystal degradation can be 
seen, with a loss of the platy morphology observed in Figure 6.16a. There is also some 
evidence of crystal degradation in the samples in KHCO3 at 1 M (Figure 6.16e) 
concentration, with the samples appearing flakier. This is not observed in the samples 
immersed in 0.5 M KHCO3, although again, smaller crystallites appear to be forming on the 
larger metatorbernite platelets (Figure 6.16d).  The samples in the 0.5 M NH4HCO3 show the 
least change (Figure 6.16f), though there are smaller crystallites appearing on the surface of 
the larger crystals. In the 1 M NH4HCO3 solution (Figure 6.16g), the crystals appear flakier, 
but to a lesser degree than in the 1 M KHCO3. 
 
SEM images for metazeunerite (Cu(UO2)2(AsO4)2.8H2O) immersed in 0.5 M and 1 M 
solutions are shown in Figure 6.17. The greatest difference in morphology is again observed 
in the NaHCO3 samples. Obvious signs of crystal degradation such as smaller crystallites 
and loss of the platy appearance, can be seen at both concentrations (Figure 6.17b and c), 
but this is more significant at 1 M. The samples immersed in KHCO3 (Figure 6.17d and e) 
also show signs of degradation, with the larger crystallites covered in a coating of smaller 
crystallites and this is again more pronounced in the 1 M sample. The samples immersed in 
NH4HCO3 are not observed to have undergone degradation in the 0.5 M solution (Figure 
6.17f).  However, in 1 M NH4HCO3 (Figure 6.17g), smaller crystallites are observed to 
deposit on the larger crystallites.  
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Figure 6.16: Metatorbernite (Cu(UO2)2(PO4)2.8H2O) before immersion (a) in NaHCO3 after 1 week 0.5 M (b) 
and 1 M (c), in KHCO3 after 1 week 0.5 M (d) and 1 M (e) and in NH4HCO3 after 1 week 0.5 M (f) and 1 M (g).  
20 μm 
f g 
d e 
c 
a 
b 
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Figure 6.17: Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) before immersion (a) in NaHCO3 after 1 week 0.5 M (b) and 
1 M (c), in KHCO3 after 1 week 0.5 M (d) and 1 M (e) and in NH4HCO3 after 1 week 0.5 M (f) and 1 M (g).  
20 μm 
g 
h 
d e 
c 
a 
b 
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6.3.3 ICP-OES results 
ICP-OES data for the immersion of the solid solution member phases in different 
concentrations of bicarbonate solutions is presented in Figure 6.18 – Figure 6.21 and the 
raw data are presented in Appendix 3. The calculation for the percentages of the elements in 
the liquid and solid phases is described in Section 6.2.3. As the concentration of the 
bicarbonate solution increases, the stability of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solution decreases. This seems to be more pronounced as the percentage of arsenate 
present in the crystal lattice increases. The percentage of U leached from the metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) in 1 M NH4HCO3,  KHCO3 and NaHCO3 is 39.1, 46.5 and 85.0%, 
respectively. In metazeunerite (Cu(UO2)2(AsO4)2.8H2O) uranium leached by the 1 M 
NH4HCO3,KHCO3 and NaHCO3 is 74.6, 77.3 and 94.8% respectively. The increase in 
arsenate in the solid solution makes it less stable in all three bicarbonate solutions. The 
NaHCO3 leached most of the U into the liquid phase in all the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
solid solutions, but the PXRD indicated that the remaining solid was a metatorbernite like 
phase and therefore, the matrix dissolution reaction had not gone to completion.  
The NH4HCO3 solution leached the most Cu into solution across all concentrations and the 
amount of Cu leached generally increased as the percentage of arsenate in the solid 
solution increases. The amount of Cu leached in the KHCO3 also increased as the 
concentration increased, though the relationship between the composition of the solid 
solution and the amount of Cu leached was not clearly linked. This fits with the analysis of 
the PXRD data which showed the broadening and splitting of peaks, indicating the formation 
of new phases, K(UO2)(PO4)1-x(AsO4)x.nH2O and NH4(UO2)(PO4)1-x(AsO4)x.nH2O. 
Conversely, in the NaHCO3 samples, most of the Cu remains in the solid phase. This may 
be due to the precipitation of Cu2(OH)2CO3 (see Equation 6.9). This phase is not observed in 
the PXRD data but may be due to the poor crystallinity of Cu2(OH)2CO3. 
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Figure 6.18: Percentage of As in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions of different concentration. 
 
 
Figure 6.19: Percentage of Cu in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions of different concentration. 
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Figure 6.20: Percentage of P in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions of different concentration. 
 
Figure 6.21: Percentage of U in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions of different concentration. 
 
0
10
20
30
40
50
60
70
80
90
0.1 M 0.25 M 0.5 M 1 M 0.1 M 0.25 M 0.5 M 1 M 0.1 M 0.25 M 0.5 M 1 M
NH₄HCO3₃ KHCO3₃ NaHCO3₃
%
 P
 in
 s
o
lu
ti
o
n
Cu(UO₂)₂(PO₄)₂ Cu(UO₂)₂(PO₄)₁.₅(AsO₄)₀.₅ Cu(UO₂)₂(PO₄)(AsO₄)
Cu(UO₂)₂(PO₄)₀.₅(AsO₄)₁.₅ Cu(UO₂)₂(AsO₄)₂
0
10
20
30
40
50
60
70
80
90
100
0.1 M 0.25 M 0.5 M 1 M 0.1 M 0.25 M 0.5 M 1 M 0.1 M 0.25 M 0.5 M 1 M
NH₄HCO3₃ KHCO3₃ NaHCO3₃
%
 U
 in
 s
o
lu
ti
o
n
Cu(UO₂)₂(PO₄)₂ Cu(UO₂)₂(PO₄)₁.₅(AsO₄)₀.₅ Cu(UO₂)₂(PO₄)(AsO₄)
Cu(UO₂)₂(PO₄)₀.₅(AsO₄)₁.₅ Cu(UO₂)₂(AsO₄)₂
201 
 
6.4 The effect of time on the stability of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solution in bicarbonate solutions 
To investigate the effect of time on the stability of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solution in bicarbonate solutions, 0.05g was immersed in 1.5 mL 0.5 M NH4HCO3, NaHCO3 
or KHCO3. The solid solutions were immersed for a period of 6 h, 24 h, 1 week, 2 weeks, 1 
month, 2 months and 4 months, while being shaken on a laboratory shaker. The solid and 
liquid phases were then separated and analysed as described in Section 6.2.  
 
6.4.1 PXRD results 
Figure 6.22 to Figure 6.24 shows the PXRD patterns of the metatorbernite 
(Cu(UO2)2(PO4)2.8H2O), Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O) solid solutions after immersion in 0.5 M NaHCO3, KHCO3 and 
NH4HCO3 for 6 h, 1 week and 4 months. The data collected on the samples immersed for 24 
h, 2 weeks, 1 month and 2 months is not shown, this is to improve clarity. These data (along 
with data collected on the Cu(UO2)2(PO4)(AsO4).8H2O and Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O 
solid phase members) are presented in Appendix 4). All solid solutions undergo degradation 
after immersion in the NaHCO3. The solid solutions containing higher levels of arsenate 
appear to have broken down completely (Figure 6.23 and Figure 6.24) at four months. The 
three solid solutions containing higher levels of phosphate (x = 0, 0.5 or 1) have not 
undergone complete degeneration (Figure 6.22). After four months immersion in the 
NaHCO3 the solid solutions show the appearance of an amorphous halo at ~11° 2θ, which 
has sharpened into a peak in metazeunerite (Cu(UO2)2(AsO4)2.8H2O). This will be discussed 
further in Section 6.6. A new peak also appears at around 15° 2θ in all solid solutions. This 
may be indicative of new crystalline phases forming as the crystal structure of the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solutions degrades.  
Metatorbernite (Cu(UO2)2(PO4)2.8H2O), Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O  do not show any change in KHCO3. Metazeunerite 
(Cu(UO2)2(PO4)2.8H2O) and Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O show a marked change, with 
broadening of peaks observed by 6 h. After 1 month the peaks have split and at 4 months 
the position of the peaks have shifted to lower 2θ values. A similar pattern is observed for 
the Cu(UO2)2(AsO4)2.8H2O and Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples after immersion in 
NH4HCO3. The splitting and shifting of peaks to different 2θ values indicate that a new 
crystalline phase is forming, either due to ion-exchange of the Cu2+ ions in the interlayer 
spaces of the solid solution with the cations in solution or to dissolution/reprecipitation.  
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 Figure 6.22: Metatorbernite in 0.5M NaHCO3 (a), 0.5M KHCO3 (b) and 0.5M NH4HCO3 (c) from 6 hours to 4 
months. An amorphous halo at 11° 2θ (black arrow) and an additional peak at 15.1° 2θ (red arrow), could indicate 
the presence of breakdown products from the reaction of metatorbernite with 0.5 M NaHCO3. 
a 
b 
c 
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Figure 6.23: Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in 0.5M NaHCO3 (a),  0.5M KHCO3 (b) and  0.5M NH4HCO3 (c) from 
6 hours to 4 months. Peak splitting can be observed in KHCO3  and NH4HCO3. Lattice breakdown is observed in 
NaHCO3. 
a 
b 
c 
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Figure 6.24: Metazeunerite in 0.5M NaHCO3 (a), 0.5M KHCO3 (b) and 0.5MNH4HCO3 (c) from 6 hours to 4 
months. An amorphous halo at 11° 2θ (black arrow) and an additional peak at 15.1° 2θ (red arrow), could indicate 
the presence of breakdown products from the reaction of metatorbernite with 0.5 M NaHCO3. The black vertical 
lines are ICDD card 04-014-8463 (metazeunerite), the blue vertical lines are  ICDD card 00-16-395 
(NH4(UO2)(AsO4).3H2O)and the red vertical lines are ICDD 00-72-166 (K(UO2)(AsO4).3H2O). 
a 
b 
c 
205 
 
The metazeunerite (Cu(UO2)2(AsO4.8H2O) sample in 0.5 M NH4HCO3 solution for four 
months at room temperature underwent almost complete ion exchange, whereby 98.7% of 
the total available Cu was present in the liquid fraction, compared with only 4.1% and 3.2% 
of U and As, respectively. Identification of the phase present through analysis of PXRD data 
compared to the ICDD, found the presence of NH4(UO2)(AsO4).3H2O (00-16-395), which is 
shown in Figure 6.25. A Pawley refinement was carried out on the sample using the Topas 
software suite. The unit cell parameters were refined in space group P4/ncc to be a = 7.196 
(4) Å and c = 18.202 (2) Å (GoF = 1.273 and Rwp = 6.474). These results were in good 
agreement with the literature values of a = 7.189 Å and c = 18.191 Å.216 The plot of the 
difference between the observed and calculated patterns is shown in Figure 6.26. The 
pattern was indexed in space group P4/ncc and this is presented in Appendix 5. 
 
 
Figure 6.25: PXRD pattern of Cu(UO2)2(AsO4)2.8H2O after four months in NH4HCO3 compared with pattern 00-
016-395 in the ICDD. 
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Figure 6.26: Observed-Calculated difference plot, from the Pawley refinement of laboratory powder XRD data 
collected on Cu(UO2)2(AsO4)2.8H2O after four months in NH4HCO3. 
 
Immersion in the KHCO3 solution only leached 8.33% of the total available Cu from the 
Cu(UO2)2(AsO4)2.8H2O sample over four months, however there also appeared to be an ion-
exchange reaction occurring concurrently to the dissolution reaction; this went almost to 
completion at 4 months, with the remaining solid consisting of a new phase. The PXRD 
pattern matched well with K(UO2)(AsO4).3H2O – card number 00-72-166 in the ICDD (Figure 
6.27). The peaks are shifted to the right of the calculated pattern, indicating a smaller unit 
cell than in the ICDD card. A Pawley refinement was carried out in space group P4/ncc on 
the PXRD data of the Cu(UO2)2(AsO4).8H2O sample after four months in KHCO3 using the 
Topas software suite, and the refined unit cell parameters were a  = 7.175 (9) Å for and  c  = 
17.894 (3) Å  (GoF = 1.113 and Rwp = 5.035). This compares with values of a = 7.176 Å and 
c = 18.126 Å from the literature.216 The larger value for the c unit parameter observed in the 
literature data may be due to the incomplete exchange of Cu for K. The observed-calculated 
difference plot is shown in Figure 6.28. The pattern was indexed in the P4/ncc space group - 
see Appendix 6. 
 
207 
 
 
Figure 6.27: PXRD pattern of Cu(UO2)2(AsO4)2.8H2O after four months in KHCO3 compared with pattern 00-072-
166  in the ICDD. 
 
 
Figure 6.28: Observed-calculated difference plot from the Pawley refinement of laboratory powder XRD data 
collected on Cu(UO2)2(AsO4)2.8H2O after four months in KHCO3. 
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6.4.2 SEM Images 
SEM images of metatorbernite in bicarbonate solutions taken at 1 week and 4 months are 
shown below in Figure 6.29. There are signs of degradation at 1 week in NaHCO3 (Figure 
6.29b), as smaller crystallites appear on the larger crystallites; after 4 months this is more 
marked (Figure 6.29c). Similarly, there is little degradation in the KHCO3 sample after 1 
week (Figure 6.29d), with some smaller crystallites observed, but by 4 months (Figure 6.29e) 
these are more numerous. In contrast there appears comparatively little change in the 
samples after immersion in 0.5M NH4HCO3 for 1 week, or 4 months (Figure 6.29f and g), but 
perhaps, the surface of the sample looks flakier at 4 months.  
The SEM images for metazeunerite in bicarbonate solutions taken after 1 week and 4 
months are shown in Figure 6.30. There are signs of degradation at 1 week in both NaHCO3  
and KHCO3, with crystallites appearing on the surface of the larger crystals (Figure 6.30b 
and d, respectively).  After 4 months these signs are more marked in both samples; the solid 
appears to have lost its platy morphology and the particle size appears generally smaller 
(Figure 6.30c and e). In contrast after 1 week in NH4HCO3, there has been no observable 
change (Figure 6.30f). At 4 months there are some morphological changes, with the surface 
of the crystals appearing flaky (Figure 6.30g).  
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Figure 6.29: Metatorbernite (Cu(UO2)2(PO4)2.8H2O) before immersion (a) and after immersion in NaHCO3 after 1 
week (b) and 4 months (c), in KHCO3 after 1 week (d) and 4 months (e) and in NH4HCO3 after 1 week (f) and 4 
months (g). 
f g 
d e 
c 
a 
b 
20 μm 
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Figure 6.30: Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) before immersion (a) and after immersion in NaHCO3 after 1 
week (b) and 4 months (c), in KHCO3 after 1 week (d) and 4 months (e) and in NH4HCO3 after 1 week (f) and 4 
months (g).  
g h 
d e 
c 
a 
b 
20 μm 
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6.4.3 ICP-OES Results 
After immersion in bicarbonate solutions for a time period of 6 hours, 24 hours, 1 week, 2 
weeks, 1 month, 2 months or 4 months, the solid phases were separated from the liquid 
phases by vacuum filtration and analysed via ICP-OES. The calculation for the percentages 
of the elements in the liquid and solid phases is described in Section 6.2.3 and the data are 
presented in Figure 6.31 – Figure 6.34 (the raw data are given in Appendix 7). After 4 
months, NaHCO3 has leached the most U from the solid solution, except metatorbernite 
(CU(UO2)2(PO4)2.8H2O), where it has leached 63.9% compared with 65.2% leached by 
KHCO3. As the percentage of arsenate increased in the composition of the solid solution 
phase , so too does the percentage of U leached by NaHCO3 and KHCO3. After four months 
KHCO3 and NaHCO3 have leached 65.2% and 63.9% U respectively from metatorbernite 
(CU(UO2)2(PO4)2.8H2O) into the liquid phase. This compares with 94.6% and 97.6%, 
respectively in the metazeunerite (CU(UO2)2(AsO4)2.8H2O) sample. This would indicate that 
the KHCO3 and NaHCO3 solutions are degrading the crystal structure, which would be 
consistent with the PXRD and SEM data in Sections 6.3.1 and 6.3.2. The higher the 
percentage of arsenate in the solid solution, the higher the level of degradation of the 
crystalline phase. 
NH4HCO3 leaches more Cu from all the solid phases than either of the two other bicarbonate 
solutions. Again, this trend is most pronounced in the CU(UO2)2(AsO4)2.8H2O and 
CU(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples; at 4 months NH4HCO3 has leached 98.7% and 
93.7%, from these solid phase members, respectively. Again, this would support the 
hypothesis that the Cu2+ ions are exchanging in solution with the NH4+ ions and, this is 
consistent with the shift observed in the position of the peaks in Figure 6.23 and Figure 6.24. 
There is also an increase in U in solution after four months of immersion of the 
CU(UO2)2(AsO4)2.8H2O and CU(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples in NH4HCO3. This is 
probably due to matrix dissolution and ion-exchange occurring in the same samples. 
These results indicate that after 4 months in NaHCO3 the metazeunerite 
(CU(UO2)2(AsO4)2.8H2O) and CU(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples have undergone 
almost complete degradation. Conversely, in NH4HCO3, the ion exchange reaction appears 
to have gone almost to completion in these two solid solutions. The ICP-OES results and 
XRD results show that both matrix dissolution and ion-exchange is occurring in the KHCO3, 
but neither has gone to completion. In the metatorbernite (Cu(UO2)2(PO4)2.8H2O), 
CU(UO2)2(PO4)(AsO4).8H2O and CU(UO2)2(PO4)1.5(AsO4)0.5.8H2O samples the matrix 
dissolution reaction appears to be dominant. 
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Figure 6.31: Percentage of As in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions for different time periods. 
 
 
Figure 6.32: Percentage of Cu in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions for different time periods. 
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Figure 6.33: Percentage of P in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions for different time periods. 
 
 
Figure 6.34: Percentage of U in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions for different time periods. 
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6.5 The effect of temperature on the stability of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
phases in bicarbonate solutions 
In order to investigate the effect of temperature on the reaction between the bicarbonate 
solutions and Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid phases, 0.05 g of solid solution was 
weighed into a 15 mL centrifuge tube. 1.5 mL of 0.5 M bicarbonate solution was added. The 
samples held at 50⁰C and 80⁰C were placed in an oven at the appropriate temperature. The 
samples held at 4⁰C were placed in a fridge, and the temperature was checked at the 
beginning and end of the experiment. The room temperature samples were kept in a fume 
hood on the laboratory bench. The daytime laboratory temperature was approximately 25⁰C. 
The samples were manually shaken intermittently (~ once a day), as constant shaking was 
not possible in the ovens and fridge. The PXRD data from the samples immersed at 4⁰C and 
50⁰C were collected after the X-ray tube was changed on the D8 Discover and may have 
been misaligned; the data is consequently not of such high quality as data collected on the 
samples immersed at 25⁰C and 80⁰C for one week. 
 
6.5.1 PXRD results 
The PXRD data for the Cu(UO2)(PO4)2-x(AsO4)x.8H2O solid solution immersed in bicarbonate 
solutions at different temperatures are presented in Figure 6.35 – Figure 6.39. In NaHCO3, 
across all solid solution compositions, the crystalline structure degrades at 50⁰C and 
undergoes complete breakdown by 80⁰C. However, in the metazeunerite sample some peak 
shifting can be observed after immersion at 50⁰C, indicating ion-exchange may be occurring 
with the Na+ ions in solution (see Figure 6.39a). Metatorbernite (Cu(UO2)2(PO4)2.8H2O) 
immersed in KHCO3 appears unaffected throughout the temperature range, however, a shift 
in the 2θ values to lower values at 80⁰C indicate an expansion in unit cell parameters, 
indicating an ion exchange reaction has occurred (this will be discussed further in Section 
6.6). The other four solid solutions all degrade in the KHCO3 and this increases as both the 
temperature and the amount of arsenate in the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution 
increases. It can also be observed that the peaks are also shifted to lower 2θ values, which 
again, is indicative that ion-exchange is occurring. This shift can be observed after 
immersion at 50⁰C in the Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(PO4)(AsO4).8H2O 
samples. In the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and Cu(UO2)2(AsO4)2.8H2O samples the 
shift in reflection position is observed after immersion at 25⁰C as well as peak broadening 
and splitting. Ion exchange is not composition dependent  in the NH4CO3 solution at 80⁰C, 
where all samples appear to have undergone complete ion exchange. Broadening and 
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shifting of the peaks is also observed in all samples immersed at 50⁰C, and at 25⁰C in the 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(PO4)(AsO4).8H2O samples. 
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Figure 6.35: Metatorbernite (Cu(UO2)2(PO4)2.8H2O) in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) at different 
temperatures. The black vertical lines are ICDD card 04-01-9884 (metatorbernite), the blue vertical lines are  
ICDD card 00-42-384 (NH4(UO2)(PO4).3H2O)and the red vertical lines are ICDD 00-81-003 (K(UO2)(PO4).3H2O). 
 
a 
b 
c 
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Figure 6.36: Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) at different 
temperatures. 
a 
b 
c 
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Figure 6.37: 50-50 Cu(UO2)2(PO4)(AsO4).8H2O in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) at different 
temperatures. 
a 
b 
c 
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Figure 6.38: Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) at different 
temperatures. 
 
a 
b 
c 
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Figure 6.39: Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) at different 
temperatures. The black vertical lines are ICDD card 04-014-8463 (metazeunerite), the blue vertical lines are  
ICDD card 00-16-395 (NH4(UO2)(AsO4).3H2O), the red vertical lines are ICDD 00-72-166 (K(UO2)(AsO4) 3H2O) 
and the purple vertical lines are ICDD 04-014-3758 (Na(UO2)(AsO4).3H2O). 
a 
b 
c 
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No ion-exchange was observed in metazeunerite in NaHCO3 under different conditions of 
time and concentration. However, at 50⁰C the peaks were observed to shift, indicating ion 
exchange had occurred. A Pawley refinement was carried out on the data collected on the 
metazeunerite in NaHCO3 solution at 50⁰C in the P4/ncc space group using the Topas 
software suite (Figure 6.40). The unit cell parameters were refined to be a = 7.167 (2) Å and 
c = 17.399 (5) Å (GoF = 1.886 and Rwp = 7.790). This was in good agreement with literature 
values of a = 7.1504 Å and c = 17.325 Å.216 A plot of the difference between the observed 
and calculated patterns is shown in Figure 6.41 and the indexed peak data is shown in 
Appendix 8. 
 
Figure 6.40: PXRD pattern of Cu(UO2)2(AsO4)2.8H2O after one week in NaHCO3 at 80⁰C compared with pattern 
04-014-3758 in the ICDD. 
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Figure 6.41: Observed-calculated difference plot from the Pawley refinement of laboratory powder XRD data 
collected on Cu(UO2)2(AsO4)2.8H2O after 1 week  in NaHCO3 at 50⁰C. 
 
At 80⁰C  some broadening and shifting of the peaks were observed in the metatorbernite in 
0.5 M NH4HCO3, after 1 week, although the dissolution reaction was still dominant. The 
additional peaks were  consistent with the formation of NH4(UO2)(PO4).3H2O, card number 
00-42-384 in the ICDD database (Figure 6.42), although again the peaks are indicating a 
smaller unit cell for these data. A Pawley refinement, in space group P4/ncc, was carried out 
on the PXRD data collected on the Cu(UO2)2(PO4).8H2O sample after four months in 
NH4HCO3, using the Topas software suite. The refined unit cell parameters were a  = 7.0356 
(5) Å for and  c  = 17.942 Å (2) (GoF = 1.232 and Rwp = 6.366). This is in good agreement 
with unit cell parameters of a = 7.020 Å for and  c  = 18.08 Å  for card 00-42-384.323 The 
differences between our data and the literature data may again be the incomplete exchange 
of NH4+for Cu2+ and the asymmetry of the peaks in Figure 6.42 would support this 
conclusion. The observed-calculated difference plot is shown in  
Figure 6.43 and a table of the observed reflections indexed on the NH4(UO2)(PO4).3H2O unit 
cell is given in Appendix 9.  
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Figure 6.42: PXRD pattern of metatorbernite (Cu(UO2)2(PO4)2.8H2O after one week in NH4HCO3 at 80⁰C. 
 
 
Figure 6.43: Observed-calculated difference plot from the Pawley refinement of laboratory data collected on 
Cu(UO2)2(PO4)2.8H2O after one week in NH4HCO3 at 80⁰C. 
 
Ion exchange was also observed in the metatorbernite sample after immersion in the 0.5 M 
KHCO3 solution at 80⁰C for one week. The pattern was a good match to card number 00-81-
003 (K(UO2)(PO4).3H2O) in the ICDD (Figure 6.44), although, a shift is observed indicating a 
smaller unit cell is present in our data. A Pawley refinement was carried out on the sample 
using the Topas software suite (Figure 6.45). The data were refined in space group P4/ncc 
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and the unit cell parameters were refined to be a  = 6.992 (1) Å for and  c  = 17.697 Å (GoF 
= 1.232 and Rwp = 6.083). This compares with unit cell parameters of  a  = 6.994 Å for and  c  
= 17.784 Å  for card 00-42-384.324 Again, the differences in the  unit cell parameters could be 
due to the incomplete ion exchange of Cu for K. The indexed peak data is given in Appendix 
10. 
 
Figure 6.44: PXRD pattern of metatorbernite (Cu(UO2)2(PO4)2.8H2O after one week in KHCO3 at 80⁰C. A good 
match to K(UO2)(PO4).3H2O. 
 
 
Figure 6.45: Observed-calculated difference plot from the Pawley refinement of laboratory data collected on 
Cu(UO2)2(PO4)2.8H2O after one week in KHCO3 at 80⁰C. 
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6.5.2 SEM results 
The SEM images for metatorbernite (Cu(UO2)2(PO4)2.8H2O) in different bicarbonate 
solutions at 25⁰C and 80⁰C are presented in Figure 6.46. At 80⁰C in NaHCO3 (Figure 6.46c) 
the sample has degraded; smaller crystallites have formed on the larger crystals. Crean et 
al103 suggested that these smaller crystallites could be carbonate deposits, but no evidence 
of this was found in the PXRD data, though this could be due either to the poor crystallinity 
of the phase or the quantity of the phase being below the limit of detection for PXRD. The 
samples in KHCO3 at 80⁰C (Figure 6.46e) again show greater degradation than those at 
25⁰C (Figure 6.46d), however, this does not seem as pronounced as for the NaHCO3 
sample. Some larger crystallites are still visible in the KHCO3 sample at 80⁰C. In comparison 
those in NH4HCO3 show little difference between the samples immersed at 25⁰C and 80⁰C 
(Figure 6.46f and g).  
The SEM images for metazeunerite (Cu(UO2)2(AsO4)2.8H2O) in different bicarbonate 
solutions at 25⁰C and 80⁰C are shown in Figure 6.47. After immersion in 0.5 M NaHCO3 
(Figure 6.47b and c) and KHCO3 (Figure 6.47d and e) the samples have degraded, and this 
is more pronounced in the samples immersed at 80⁰C. Unlike in metatorbernite, the amount 
of degradation observed seems to be comparable in the two solutions. The samples 
immersed in NH4HCO3 at 80⁰C (Figure 6.47f) appear thinner and flakier that those immersed 
at 25⁰C (Figure 6.47g).  
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Figure 6.46: Metatorbernite (Cu(UO2)2(PO4)2.8H2O) before immersion (a)  in NaHCO3 after 1 week at 25⁰C (b) 
and 80⁰C (c), in KHCO3 after 1 week at 25⁰C (d)and 80⁰C (e) and in NH4HCO3 after 1 week at 25⁰C (f) and 80⁰C 
(g).  
f 
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d e 
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20 μm 
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Figure 6.47: Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) before immersion (a)  in NaHCO3 after 1 week at 25⁰C (b) 
and 80⁰C (c), in KHCO3 after 1 week at 25⁰C (d)and 80⁰C (e) and in NH4HCO3 after 1 week at 25⁰C (f) and 80⁰C 
(g).  
f 
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d e 
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20 μm 
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6.5.3 ICP-OES results 
ICP-OES data for the percentages of elements in the solid and liquid phase at different 
temperatures is presented in Figure 6.48 – Figure 6.51 (the raw data are given in Appendix 
11). At 80⁰C the NaHCO3 has around 99% of the U from all solid solutions, therefore the 
matrix dissolution reaction described in Equation 6.4 has gone to completion. However, most 
of the Cu remains in the solid phase, indicating that a precipitation reaction has occurred, 
most likely with the bicarbonate ions, to form Cu2(OH)2CO3, according to Equation 6.9.  No 
evidence could be found of this in the PXRD patterns but Cu2(OH)2CO3 is known to be poorly 
crystalline. In the samples immersed in KHCO3, increasing the temperature had the effect of 
increasing the matrix dissolution reaction. However, an increase in ion-exchange was also 
observed, especially in the Cu(UO2)2(AsO4)2.8H2O, Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O samples. At 50⁰C the KHCO3 solution leached 11.6, 12.0 and 
6.6% Cu from Cu(UO2)2(AsO4)2.8H2O, Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and 
Cu(UO2)2(PO4)(AsO4).8H2O, respectively. At 80⁰C this had risen to 15.9, 20.8 and 46.3%, 
respectively. The amount of Cu in solution in the Cu(UO2)2(PO4)2.8H2O,  
Cu(UO2)2(PO4)1.5(ASO4)0.5.8H2O and Cu(UO2)2(PO4)(ASO4).8H2O samples in NH4HCO3 at 
80⁰C increased, indicating an increase in the ion-exchange reaction occurring, and this is 
consistent with the PXRD results (see Section 6.5.1). The Cu in the liquid phase of the 
Cu(UO2)2(AsO4)2.8H2O sample decreased from 82.3% (at 50⁰C) to 21.0% (at 80⁰C). 
Similarly, the Cu in the liquid phase in the Cu(UO2)2(PO4)0.5(ASO4)1.5.8H2O sample dropped 
from 60.8% at 25⁰C to 16.3% at 80⁰C; again, this is probably due to  precipitation of a 
Cu2(OH)2CO3 phase occurring. 
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Figure 6.48: Percentage of As in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions at different temperatures. 
 
 
Figure 6.49: Percentage of Cu in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions at different temperatures. 
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Figure 6.50: Percentage of P in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions at different temperatures. 
 
 
 
Figure 6.51: Percentage of U in solution after immersion of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases  
in bicarbonate solutions at different temperatures. 
0
10
20
30
40
50
60
70
80
90
100
4⁰C 25⁰C 50⁰C 80⁰C 4⁰C 25⁰C 50⁰C 80⁰C 4⁰C 25⁰C 50⁰C 80⁰C
NH₄HCO3₃ KHCO3₃ NaHCO3₃
%
 P
 in
 s
o
lu
ti
o
n
Cu(UO₂)₂(PO₄)₂ Cu(UO₂)₂(PO₄)₁.₅(AsO₄)₀.₅ Cu(UO₂)₂(PO₄)(AsO₄)
Cu(UO₂)₂(PO₄)₀.₅(AsO₄)₁.₅ Cu(UO₂)₂(AsO₄)₂
0
10
20
30
40
50
60
70
80
90
100
4⁰C 25⁰C 50⁰C 80⁰C 4⁰C 25⁰C 50⁰C 80⁰C 4⁰C 25⁰C 50⁰C 80⁰C
NH₄HCO3₃ KHCO3₃ NaHCO3₃
%
 U
 in
 s
o
lu
ti
o
n
Cu(UO₂)₂(PO₄)₂ Cu(UO₂)₂(PO₄)₁.₅(AsO₄)₀.₅ Cu(UO₂)₂(PO₄)(AsO₄)
Cu(UO₂)₂(PO₄)₀.₅(AsO₄)₁.₅ Cu(UO₂)₂(AsO₄)₂
231 
 
6.6 Discussion and conclusions 
The matrix dissolution reaction observed in all Cu(UO2)2(PO4)2-x(ASO4)x.8H2O solid solution 
samples produced new reflections at around 11° and 15° 2θ. These data could not be 
matched to any patterns in the ICDD database. As shown in Figure 6.52,  the reflections are 
shifted from a higher 2θ value to a lower 2θ value as the amount of arsenate increases in the 
solid solution. This would imply that some phosphorus or arsenic remains within the 
breakdown products, and this is confirmed by the ICP-OES results. The PXRD patterns of 
the breakdown products did not match those of the residual phases observed after heating 
to 500⁰C in the TGA experiments (see Figure 4.20), indicting the bicarbonate solutions had 
affected which breakdown products were formed. While the metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) sample was not observed to breakdown completely in any of the 
conditions investigated, the solid remaining in the metazeunerite (Cu(UO2)2(AsO4)2.8H2O) 
sample after 1 week in NaHCO3 at 80⁰C had become completely amorphous (Figure 6.39a).   
 
 
Figure 6.52: PXRD patterns of breakdown products in NaHCO3. 
 
The composition of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution did not affect the rate at 
which it was degraded by strong acid (H2SO4). In the citric acid and mineral water there was 
a weak trend towards an increase in the arsenate content of the solid solution aiding the 
degradation of the samples. The trend was more pronounced in the NaOH solution, with the 
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metazeunerite  (Cu(UO2)2(AsO4)2.8H2O) structure almost completely degraded after one 
week (Figure 6.5), while the metatorbernite structure was still observed in the PXRD data 
(Figure 6.1). 
The degradation of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O samples in the bicarbonate solutions 
also increased as the amount of arsenate in the crystal lattice increased. However, there 
were two reactions that occurred in the bicarbonate solutions: ion-exchange and matrix 
dissolution. The Cu(UO2)2(AsO4)2.8H2O and the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples 
were more likely to undergo ion-exchange at room temperature in NH4HCO3. At room 
temperature the Cu(UO2)2(AsO4)2.8H2O and the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples 
also exchange with the K+ ions, although matrix dissolution occurs simultaneously. At 
elevated temperature ion exchange is also observed in the Cu(UO2)2(PO4)(AsO4).8H2O, 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O and Cu(UO2)2(PO4)2.8H2O samples in NH4HCO3 and 
KHCO3. In the NaHCO3 solution dissolution was dominant over ion-exchange, and again, 
this was composition dependent; more arsenate in the composition resulting in more 
dissolution. However, at 50⁰C metazeunerite was also observed to undergo some ion-
exchange alongside matrix dissolution.  
There has been a large body of research conducted into the reactions of uranyl phosphates 
with carbonate and bicarbonate solutions.114, 116, 117, 127, 205, 206, 207, 325 However, this research is 
focused entirely on uranyl-phosphate minerals, with no arsenate substituted into the crystal 
lattice. In nature arsenate is often found substituted into the crystal lattice and as the 
experiments in this chapter have shown, this can affect their stability and whether the solid 
solution is likely to undergo matrix dissolution or ion-exchange. It would be of interest to 
conduct similar experiments on solid solutions with different cations in the interlayer spacing 
to investigate if their behaviour also varies based on the percentages of arsenate and 
phosphate in the crystal lattice. 
Copper complexes are Jahn-Teller distorted, which enables the Cu2+ ion to assume 
octahedral or square planar geometry, according to which is more energetically favourable. 
There is some evidence from the BVS analysis carried out on refined structures from the 
high resolution synchrotron PXRD data to suggest that the Cu2+ ion in the 
Cu(UO2)2(AsO4)2.8H2O and the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples are present as a 
square planar complex, and this may have caused them to more readily undergo ion-
exchange than if they had been octahedrally coordinated to two oxygen atoms in the uranyl 
ions of the autunite sheets. However, neutron diffraction would be required to confirm the 
geometry of the Cu2+ ion.  
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The ratio of arsenate and phosphate in the lattice of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solution affects both the space group into which it crystallises and potentially the geometry of 
the Cu2+ ion. This in turn affects its stability in solutions of basic, neutral and weakly acidic 
solutions. If this is to be applied to remediation strategy it is important to understand how the 
composition of particular minerals found at a specific site may affect how they react in a 
solution of a given pH, or in the presence of specific ions, such as carbonate. Alternatively, if 
managed non-intervention is to be employed, it should be noted, that arsenate in the crystal 
lattice can affect the stability of minerals over a wide range of chemical and environmental 
conditions. 
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Chapter 7: Conclusions and Further Work 
 
7.1 Conclusions and further work 
This research was funded by the Natural Environment Research Council (NERC) as part of 
the Long-lived Radionuclides in the Environment (Lo-RISE) project. The aim of the Lo-RISE 
project was to investigate key processes (biological, chemical and physical) which 
determined the migration of key long-lived radionuclides in the environment. Natural 
analogue sites were used as these replicate, as closely as possible, conditions found in 
nature. 
The work in this thesis focused on the natural analogue site at the abandoned uranium mine 
in South Terras to investigate how the speciation of uranyl phases in spoil heaps affected 
mobility.  The aims of this project were to characterise the samples taken from the site and 
investigate the speciation of the uranyl minerals found within the spoil. Previous research 
had indicated that uranium at the site did not migrate far from the spoil heaps, but there was 
little work done to establish which minerals were present in the spoil. Establishing the 
speciation of uranium minerals was key to understanding its potential to migrate away from 
the site in the future. A field trip to South Terras in July 2015 allowed collection of a number 
of radioactive samples. Sequential extraction revealed that the uranyl minerals were present 
in the residual phase of the samples, which agreed well with previous research which 
indicated that the uranium at South Terras did not migrate far from the mine spoil. 
Separation and analysis of a number of highly radioactive samples by PXRD indicated the 
presence of a Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution within the spoil heaps. 
Metatorbernite (Cu(UO2)2(PO4)2.8H2O) is known to be very insoluble at circa-neutral (~pH 7-
8) conditions. However, there is little research into the effect that incorporating arsenate into 
the crystal lattice will have on stability. The composition of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
solid solution was variable, even within a single spoil heap. Due to this, and the fact that 
most of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O-type phases were associated with a number of 
other minerals, it was decided to synthesise the proposed solid soultion Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O. Targeted compositions of this solid solution could then be used to investigate 
the stability and structure as a function of composition. 
Adapting a synthesis method by Cretaz et al203, a  complete solid solution, with the formula 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O, was formed and no impurity phases were identified as 
present. The synthetic solid solution phases were analysed using a suite of techniques 
including IR and Raman spectroscopy, PXRD, SEM and TGA/DSC. Indexing of the PXRD 
data indicated that the metatorbernite (Cu(UO2)2(PO4)2.8H2O) and metazeunerite 
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(Cu(UO2)2(AsO4)2.8H2O) end member phases had crystallised in different space groups 
(P4/n and P4/ncc, respectively). Pawley refinements were carried out on 13 members of the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution and refined unit cell parameters were obtained. 
The c unit cell parameter did not follow Vegard’s Law which states that the unit cell 
parameters of a solid solution should expand in a linear fashion according to its composition. 
The non-linearity of the c parameter may be due to the variability in number of structurally 
incorporated water molecules. The a unit cell parameter, however, did follow Vegard’s law 
and the equation of the line of best fit from the synthesised Cu(UO2)2(PO4)2-x(AsO4)x.8H2O 
solid solution was used to estimate the compositions of the natural samples, that were 
shown to be members of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution found at South 
Terras. 
Similarly, it was investigated whether Raman or IR spectroscopy could be used to estimate 
the composition of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phase members found in 
natural samples. The results of this work were inconclusive. The bands of the IR spectra 
were too broad and overlapping to allow any conclusions to be drawn. However, the ν3 PO43- 
asymmetric stretch in the Raman data produced some promising results and could 
potentially be used to estimate the composition of a natural solid solution. Only five 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases were analysed by Raman 
spectroscopy. For this technique to be useful as a potential indicator of the composition of a 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution, more phases must be analysed. In addition, 
further work should include carrying out Raman studies of the natural solid solution phases 
found in the South Terras samples. This could be used to investigate how well the PXRD 
and Raman data correlate in predicting the arsenate and phosphate contents of the natural 
solid solutions. 
TGA and DSC analysis was carried out on three Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid 
solution phases (where x = 0, 1 and 2). This indicated that the thermal behaviour changed 
considerably across the different member phases as a function of composition. At room 
temperature the phosphate end member phase was present as the octahydrate 
metatorbernite (Cu(UO2)2(PO4)2.8H2O). Conversely, after synthesis at room temperature the 
arsenate end member phase was present as zeunerite (Cu(UO2)2(AsO4)2.12H2O) and further 
heating was required to dehydrate the sample to metazeunerite (Cu(UO2)2(AsO4)2.8H2O). 
The Cu(UO2)2(PO4)(AsO4).8H2O phase was present as an octahydrate at room temperature, 
but its dehydration behaviour was different from either of the end member phases. Further 
work could include conducting TGA and DSC analysis on more Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O solid solution phases (three were investigated in this work). In addition, the 
samples were oven dried at 40⁰C for two hours in order to dehydrate the zeunerite to 
237 
 
metazeunerite. TGA and DSC could be used to investigate the thermal behaviour of 
metazeunerite after dehydration to the octahydrate has occurred. 
High-resolution PXRD data were collected on I11 at the Diamond Light Source on five 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phases (where x = 0, 0.5, 1, 1.5 and 2). 
Rietveld refinement of the data was carried out and this confirmed the results of the 
laboratory data, which indicated that the metatorbernite (Cu(UO2)2(PO4)2.8H2O) and 
metazeunerite (Cu(UO2)2(AsO4)2.8H2O) crystallised in the space groups P4/n and P4/ncc, 
respectively. Rietveld refinement of the data collected for the 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O, Cu(UO2)2(PO4)(AsO4).8H2O and 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O samples indicted that all three had crystallised in the P4/n 
space group. However, there was a possible difference in the coordination of the Cu2+ ion. 
The   Cu2+ ion in the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution where x = 0, 0.5 and 1 
were octahedrally coordinated, by four shorter equatorial bonds, to the oxygen atoms of four 
interlayer water molecules and to the oxygen atoms of two different uranyl molecules by 
longer axial bonds.  BVS analysis of the refinements carried out on the 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and Cu(UO2)2(AsO4)2.8H2O samples indicated that the Cu2+ 
ion might not be coordinated to the two oxygen atoms from the uranyl ions and could be 
present in the interlayer space as a [Cu(H2O)4]2- complex. However, due to the presence of 
uranium and arsenic in the crystal lattice, it was not possible to accurately locate the oxygen 
atoms within the interlayer space and therefore an accurate model of the 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and Cu(UO2)2(AsO4)2.8H2O samples could not be refined 
from the high-resolution synchrotron data. Neutron diffraction would be required to 
accurately locate the oxygen and copper atoms in the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and 
Cu(UO2)2(AsO4)2.8H2O interlayer space. 
The stability of Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution phase members (where x = 0, 
0.5, 1, 1.5 and 2) where investigated under different conditions of pH and in NH4HCO3, 
KHCO3 and NaHCO3 under different conditions of time, temperature and concentration. It 
was found that the composition of the solid solution did not impact its stability under strongly 
acidic or weakly acidic (pH 1.1 and 3.0, respectively) conditions. However, the composition 
of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution did affect its stability in weakly basic and 
strongly basic conditions. In a 0.1 M solution of NaOH (pH 13.2) the Cu and As were 
leached into the liquid phase in greater amounts as the percentage of arsenic in the 
composition increased. Therefore, in strongly basic conditions the Cu(UO2)2(PO4)2-
x(AsO4)x.8H2O solid solution arsenic-rich compositions were more prone to degradation. In 
the weakly basic (pH ~8.0) solutions matrix dissolution was observed to occur and in general 
the NaHCO3 caused the most matrix dissolution. Again, the higher the level of arsenic in the 
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crystal lattice, the more matrix dissolution was observed after immersion in NaHCO3. At 
lower temperatures (25⁰C) and concentrations (0.1 M) ion exchange was also observed to 
occur in the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and Cu(UO2)2(AsO4)2.8H2O in KHCO3 and 
NH4HCO3, whereby the Cu2+ ion in the interlayer space exchanged with the K+ and NH4+ ions 
to form K2(UO2)2(XO4)2.6H2O and (NH4)2(UO2)2(XO4)2.6H2O (where X can be As or P), 
respectively. Increasing the temperature also resulted in ion-exchange being observed 
across all compositions of the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution when immersed 
in 0.5 M KHCO3 and NH4HCO3. At 50⁰C a small amount of ion-exchange was also observed 
in Cu(UO2)2(AsO4)2.8H2O immersed in NaHCO3. The reasons why ion-exchange within the 
Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution is composition dependant are unclear. It may 
be that the square planar geometry of the Cu ion permits the ions to exchange more easily 
than the octahedral geometry, but neutron diffraction would be required in order to refine an 
accurate model of the Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O and Cu(UO2)2(AsO4)2.8H2O structures 
and hence determine the coordination of the Cu ions. Further work should be carried out to 
investigate the stability of autunite-type solid solutions containing different interlayer ions. 
This would confirm if the presence of arsenate in the crystal lattice led to an increase in ion-
exchange and matrix dissolution, or alternatively, if the differences in stability observed 
across the Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution member phases are due to specific 
properties and geometries of the Cu2+ ion. 
Uranyl phosphates, such as metatorbernite are known for their insolubility at near neutral 
pH. Therefore, they are usually considered some of the most stable secondary uranium 
minerals. The presence of metatorbernite has been noted before at South Terras and recent 
work has suggested that the presence of a Cu(UO2)2(PO4)2-x(AsO4)x.8H2O solid solution at 
the site has resulted in little observable migration of uranium away from the abandoned spoil 
heaps.145 However, this research suggests that the incorporation of arsenic in the crystal 
lattice of the solid solution makes it less stable under basic conditions than a pure phosphate 
phase. This could have wide-reaching implications for the stability both of uranium in the 
spoil heaps at South Terras and at other sites contaminated with secondary uranyl minerals 
worldwide. Further research should be carried out to better understand how the precise 
composition and crystal structure of autunite and meta-autunite minerals affect their stability 
in the environment. 
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Appendices 
Appendix 1 to Chapter 3 
PXRD analysis of all size fractions MS (top) and OPF (bottom). 
 
 
  
261 
 
Appendix 1 to Chapter 4 
 
  
  
 
 
SEM images of solid solutions Top row left to right: Cu(UO2)2(PO4)2.8H2O and Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O. 
Middle row left to right: Cu(UO2)2(PO4)1(AsO4)1.8H2O and Cu(UO2)2(PO4)0.5 (AsO4)1.5 .8H2O. Bottom row 
Cu(UO2)2(AsO4)2.8H2O. 
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Appendix 2 to Chapter 4 
Comparison of hkl values between the metatorbernite produced in this work and for card 04-
012-9884 in the ICDD.  
H   K   L 2Theta [04-012-9884] 2Theta this work I(rel) [04-012-9884] I(rel) this work 
0   0   2 11.84 11.94 89.84 64.87 
1   0   1 15.89 15.98 5.40 39.24 
1   0   2 18.94 19.05 38.79 48.46 
1   1   0 20.90 21.00 62.78 100.00 
0   0   4 23.80 23.88 6.55 29.74 
1   1   2 24.08 24.19 23.44 38.22 
1   0   4 28.11 28.23 100.00 37.77 
2   0   0 29.72 29.82 64.47 79.56 
2   0   2 32.09 32.20 46.90 32.78 
2   1   1 33.88 33.98 3.94 12.63 
2   1   2 35.54 35.59 12.47 18.88 
2   0   4 38.43 38.53 5.16 8.52 
1   0   6 39.13 39.26 14.68 9.02 
2   1   4 41.37 41.49 11.95 10.56 
2   2   0 42.53 42.64 15.34 14.39 
2   2   2 44.30 44.42 17.50 11.13 
3   0   2 46.94 47.06 7.20 7.19 
3   1   0 47.85 47.95 14.13 19.54 
0   0   8 48.72 48.87 8.79 5.52 
3   1   2 49.47 49.58 7.05 8.39 
2   1   6 49.90 50.01 8.71 6.03 
3   0   4 51.76 51.88 25.57 7.67 
1   1   8 53.56 53.67 14.93 4.39 
3   2   2 56.55 56.65 3.98 4.73 
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Appendix 3 to Chapter 4 
Comparison of hkl values between the zeunerite produced in this work and for card 04-012-
9883 on the ICDD.  
H   K   L 2Theta [012-9883] 2Theta this work I(rel) [012-9883] I(rel) this work 
0   0   2 9.8408 9.9242 100 32.07 
1   0   1 15.1422 15.227 32.04 39.91 
0   0   4 19.7562 19.8358 20.76 13.32 
1   1   0 20.2966 20.3686 23.7 66.1 
1   0   3 20.6332 20.7074 25.8 18.52 
1   1   2 22.6012 22.6732 7.77 14.25 
1   0   5 28.7212 28.195 64.08 23.19 
2   0   0 28.8508 28.917 50.03 100 
2   0   2 30.5584 30.615 43.91 38.46 
2   1   1 32.7423 32.7953 11.13 17.07 
2   1   2 33.8948 33.9501 2.44 4.36 
2   0   4 35.2176 35.2726 20.46 9.11 
2   1   3 35.7397 35.7916 14.42 10.23 
1   1   6 36.3421 36.3844 6.41 3.49 
2   2   0 41.2335 41.3014 12.68 15.81 
2   2   2 42.5272 42.5658 18.78 17.14 
3   0   1 44.1983 44.2331 4.95 6.43 
1   1   8 45.3719 45.4008 6.07 2.22 
2   2   4 46.1472 46.1852 6.6 4.02 
3   1   0 46.4037 46.4333 13.48 18.01 
3   0   3 46.5483 46.5733 4.98 4.15 
3   1   2 47.5576 47.5877 4.45 4.45 
2   1   7 48.3521 48.3877 10.23 3.49 
3   1   3 48.968 49.0018 1.41 1.97 
0   0  10 50.7928 50.8442 4.4 2.1 
3   0   5 51.0479 51.0655 15.62 4.38 
3   2   1 53.6456 53.6629 2.51 3.15 
1   1  10 55.2444 55.2548 12.77 2.14 
3   2   3 55.7122 55.7353 6.12 3.79 
3   2   5 59.7226 59.7782 15.37 7.02 
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Appendix 4 to Chapter 4 
Comparison of hkl values between the metazeunerite produced in this work and for card 04-
014-8463 on the ICDD.  
H   K   L 2Theta 2Theta2 I(rel) I(rel)3 
0   0   2 11.80 11.86 100.00 65.70 
1   0   2 18.71 18.75 34.72 47.13 
1   1   0 20.52 20.55 31.09 74.95 
1   1   2 23.73 23.76 10.97 25.10 
1   0   4 27.89 27.92 65.71 43.47 
2   0   0 29.17 29.18 53.25 100.00 
2   0   2 31.56 31.56 38.79 48.38 
2   1   1 33.26 33.26 1.47 10.54 
2   1   2 34.88 34.87 14.77 20.87 
2   0   4 37.93 37.93 4.86 7.72 
1   0   6 38.89 38.90 6.88 7.22 
2   1   4 40.79 40.78 15.34 11.92 
2   2   0 41.71 41.69 16.51 20.06 
2   2   2 43.50 43.48 14.30 14.55 
3   0   2 46.08 46.04 4.48 7.34 
3   1   0 46.91 46.88 11.87 15.63 
2   2   4 48.53 48.51 8.78 7.49 
2   1   6 49.33 49.31 7.72 5.53 
3   0   4 50.92 50.88 15.32 9.05 
1   1   8 53.20 53.17 12.69 5.41 
3   2   2 55.46 55.40 4.74 4.81 
2   0   8 57.61 57.54 3.36 2.91 
3   0   6 58.34 58.27 3.23 2.98 
3   2   4 59.75 59.69 11.94 5.43 
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Appendix 5 to Chapter 4 
Comparison of hkl values between the Cu(UO2)2(PO4)2-x(AsO4)x.nH2O solid solution.  
 Phosphate: Arsenate 
hkl 2: 0 1.8: 
0.2 
1.6: 
0.4 
1.5: 
0.5 
1.4: 
0.6 
1.2: 
0.8 
1: 1 0.8: 
1.2 
0.6: 
1.4 
0.5: 
1.5 
0.4: 
1.6 
0.2: 
1.8 
0: 2 
002 11.94 11.92 11.92 11.92 11.91 11.88 11.88 11.87 11.89 11.88 11.86 11.85 11.86 
101 15.98 15.96 15.95 15.93 15.91 N/A N/A 15.33 15.34 15.76 15.29 15.25 N/A 
102 19.05 19.01 19.00 18.99 18.95 18.92 18.88 18.85 18.86 18.84 18.80 18.77 18.75 
110 21.00 20.96 20.93 20.91 20.87 20.82 20.77 20.73 20.71 20.68 20.64 20.58 20.55 
004 23.88 23.90 23.90 23.91 N/A N/A N/A N/A N/A N/A N/A N/A N/A 
112 24.19 24.14 24.12 24.10 24.06 24.00 23.96 23.90 23.89 23.87 23.82 23.77 23.76 
104 28.23 28.17 28.17 28.16 28.11 28.08 28.04 28.01 28.03 28.00 27.96 27.93 27.92 
200 29.82 29.76 29.73 29.70 29.64 29.57 29.50 29.43 29.41 29.36 29.31 29.26 29.18 
202 32.20 32.13 32.10 32.07 32.01 31.94 31.87 31.80 31.79 31.74 31.68 31.61 31.56 
211 33.98 33.91 33.87 33.83 33.77 33.69 33.61 33.53 33.51 33.46 33.40 33.31 33.26 
212 35.59 35.52 35.48 35.44 35.38 35.30 35.22 35.15 35.13 35.07 35.01 34.93 34.87 
006 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 35.94 35.86 N/A 
204 38.53 38.47 38.44 38.41 38.35 38.28 38.21 38.13 38.15 38.10 38.04 37.97 37.93 
106 39.26 39.19 39.19 39.18 39.12 39.08 39.03 38.99 39.03 39.00 38.94 38.89 38.89 
214 41.49 41.40 41.37 41.34 41.27 41.19 41.11 41.04 41.03 40.98 40.91 40.83 40.78 
116 N/A 42.06 42.24 42.08 42.00 N/A N/A N/A N/A N/A N/A N/A N/A 
220 42.64 42.55 42.50 42.45 42.37 42.27 42.17 42.07 42.03 41.96 41.88 41.77 41.69 
222 44.42 44.33 44.27 44.22 44.15 44.05 43.94 43.84 43.81 43.74 43.66 43.55 43.48 
301 N/A 45.68 45.63 45.58 45.49 N/A N/A N/A N/A 45.05 N/A N/A N/A 
302 47.06 46.96 46.90 46.85 46.77 46.66 46.55 46.44 46.41 46.33 46.26 46.13 46.04 
310 47.95 47.86 47.80 47.74 47.65 47.53 47.42 47.31 47.26 47.18 47.10 46.97 46.88 
008 48.87 48.78 48.79 48.77 48.72 N/A 48.68 N/A N/A N/A N/A N/A N/A 
224 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 48.57 48.51 
312 49.58 49.48 49.42 49.36 49.27 49.16 49.03 48.92 48.87 48.80 48.71 N/A N/A 
216 50.01 49.93 49.90 49.87 49.80 49.71 49.63 49.55 49.56 49.51 49.43 49.34 49.31 
108 N/A 51.23 51.24 N/A 51.17 N/A N/A N/A N/A N/A N/A N/A N/A 
304 51.88 51.78 51.72 51.67 51.59 51.48 51.36 51.26 51.23 51.15 51.08 50.96 50.88 
118 53.67 53.62 53.60 53.57 53.52 53.45 53.38 53.33 53.36 53.33 53.25 53.19 53.17 
322 56.65 56.55 56.48 56.41 56.31 56.18 56.03 55.90 55.87 55.75 55.66 55.51 55.40 
208 N/A 58.16 58.14 58.14 58.04 57.95 57.88 N/A N/A 57.78 N/A N/A 57.54 
306 N/A 59.18 59.12 59.07 58.98 58.86 58.75 N/A N/A 58.57 N/A N/A 58.27 
324 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 59.94 59.80 59.69 
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Pawley refinements for solid solutions Cu(UO2)2(PO4)2-x(AsO4)x.nH2O 
Cu(UO2)2(PO4)2.nH2O 
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Cu(UO2)2(PO4)1.6(AsO4)0.4.nH2O 
 
 
 
Cu(UO2)2(PO4)1.5(AsO4)0.5.nH2O 
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Cu(UO2)2(PO4)1.4(AsO4)0.6.nH2O 
 
  
 
Cu(UO2)2(PO4)1.2(AsO4)0.8.nH2O 
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Cu(UO2)2(PO4)(AsO4) .nH2O 
 
  
 
Cu(UO2)2(PO4)0.8(AsO4)1.2.nH2O 
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Cu(UO2)2(PO4)0.6(AsO4)1.4.nH2O 
 
 
  
 
 
Cu(UO2)2(PO4)0.5(AsO4)1.5.nH2O 
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 Cu(UO2)2(PO4)0.4(AsO4)1.6.nH2O 
 
 
 
  
Cu(UO2)2(PO4)0.2(AsO4)1.8.nH2O  
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Cu(UO2)2(AsO4)2.nH2O 
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Appendix 7 to Chapter 4 
Working for Section 4.5 
PO4:AsO4 ratio of HR 001 
According to the Pawley fit a =  7.060 Å 
7.060 =  0.0778𝑥 +  6.9707 
X is made the subject of the equation: 
𝑥 =  
7.060 − 6.9707
0.0778
 
𝑥 = 1.15 
PO4:AsO4 ratio of bulk HA sample 
According to the Pawley fit a =  7.018 Å 
7.018 =  0.0778𝑥 +  6.9707 
X is made the subject of the equation: 
𝑥 =  
7.018 − 6.9707
0.0778
 
𝑥 = 0.61  
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Lattice or symmetry 
element type 
Symbol Class of reflections Condition for 
presence 
Lattice type  hkl  
Primitive P  None 
Body-centered I  h + k + l = 2n 
Centered on C face C  h + k = 2n 
Centered on A face A  k + l = 2n 
Centered on B face B  h + l = 2n 
Centered on all 
faced 
F  All n or all 2n 
Glide plane (001) a hk0 h = 2n 
 b  k = 2n 
 n  h + k = 2n 
 d  h + k = 4n 
Glide plane (100) b 0kl k = 2n 
 c  l = 2n 
 n  k + l = 2n 
 d  k + l = 4n 
Glide plane (010) a h0l h = 2n 
 c  l = 2n 
 n  h + l = 2n 
 d  h + l = 4n 
Glide plane (110) c hhl l = 2n 
 b  h = 2n 
 n  h + k = 2n 
 d  2h + l = 4n 
Screw axis c 21 , 42 , 63 ,  00l l = 2n 
 31 , 32  , 62 , 64 ,   l = 3n 
 41 , 43 ,   l = 4n 
 61 , 65    l = 6n 
Screw axis a 21 , 42 h00 h = 2n 
 41 , 43  h = 4n 
Screw axis b 21 , 42 0k0 k = 2n 
 41 , 43   k = 4n 
Screw axis [110] 21 hh0 h = 2n  
 
Extinction criteria for lattices and symmetry elements (n = odd integer, 2n = even integer).284 
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h   k   l 2 theta Intensity h   k   l 2 theta Intensity h   k   l 2 theta Intensity 
0   0   2 5.4054 100 3   0   6 25.9298 1.66 3   4   4 35.4093 1.16 
0   1   2 8.5511 14.23 2   3   4 26.4513 3.3 4   1   8 35.4671 1.27 
1   1   0 9.3967 13.9 3   2   4 26.5092 2.65 5   0   4 35.5434 0.75 
0   0   4 10.8197 8.91 1   3   6 26.6936 3.3 3   3   8 36.0654 1.94 
1   0   4 12.6993 19.12 3   1   6 26.7889 2.04 1   2  12 36.2187 1.06 
0   2   0 13.2594 15.4 4   0   0 26.8636 2.37 2   3  10 36.6644 0.72 
2   0   0 13.3447 15.25 0   4   2 27.2512 3.39 5   2   2 36.8462 0.76 
0   2   2 14.3259 16.06 4   0   2 27.4192 1.85 4   1   9 37.2915 0.65 
2   0   2 14.4061 15.26 1   4   2 28.084 1.6 4   2   8 37.3981 0.71 
1   2   1 15.0967 2.18 4   1   2 28.2382 1.12 0   5   6 37.4734 0.69 
2   1   1 15.144 1.49 3   3   0 28.4352 1.52 3   4   6 37.5612 0.99 
1   2   2 15.8129 6.25 1   1  10 28.885 5.31 4   3   6 37.5925 0.87 
2   1   2 15.866 6.53 3   3   2 28.9632 1.14 5   0   6 37.6741 0.69 
0   2   4 17.1407 2.27 4   0   4 29.035 0.81 2   5   4 37.9233 1.05 
2   0   4 17.2064 2.27 2   3   6 29.1773 1.54 5   2   4 38.1004 1.27 
1   0   6 17.5741 6.16 3   2   6 29.2226 1.69 4   4   0 38.2278 1.15 
1   2   4 18.4078 3.28 1   4   4 29.6632 1.94 5   1   6 38.2988 0.78 
2   1   4 18.4515 2.75 4   1   4 29.8119 1.83 0   0  14 38.4995 0.63 
1   1   6 18.8057 4.74 2   4   0 29.9488 2.82 4   4   2 38.6368 1.7 
2   2   0 18.8504 8.3 4   2   0 30.0648 2.12 0   3  12 38.7002 0.77 
2   2   2 19.6227 10.05 3   3   4 30.5006 3.36 3   0  12 38.7817 0.7 
0   3   2 20.6729 2.7 4   2   2 30.5724 2.58 0   1  14 39.1195 1.3 
3   0   2 20.7991 2.55 4   2   3 31.1894 0.63 1   3  12 39.3272 1.12 
1   3   0 21.0444 3.63 2   4   4 31.923 0.77 3   1  12 39.385 1.15 
3   1   0 21.154 3.08 4   2   4 32.0332 0.85 5   3   0 39.5154 0.58 
1   3   2 21.7315 4.56 1   4   6 32.1356 1.21 3   5   2 39.7908 1.66 
2   2   4 21.7761 1.95 4   1   6 32.2775 1.04 2   5   6 39.9419 0.71 
3   1   2 21.8432 1.94 3   2   8 32.6698 0.75 5   2   6 40.105 0.68 
1   2   6 22.0861 3.36 3   3   6 32.922 1.19 0   6   0 40.5063 0.92 
2   1   6 22.1179 3.4 2   2  10 33.3387 1 6   0   0 40.7886 0.77 
1   3   3 22.5756 0.74 0   1  12 33.5377 2.02 0   6   2 40.9013 1.84 
3   1   3 22.6885 0.95 0   5   2 33.9964 0.84 5   3   4 41.1 1.32 
1   0   8 22.7384 3.91 3   4   2 34.0731 1.05 6   0   2 41.1648 1.31 
3   0   4 22.8502 3.11 4   3   2 34.1353 0.97 1   6   2 41.4868 1.58 
1   3   4 23.7172 6.64 1   1  12 34.2255 2.34 6   1   2 41.7481 0.78 
2   3   2 24.6824 1.81 5   1   0 34.4466 0.8 1   6   4 42.6198 0.91 
3   2   2 24.7407 2.2 1   3  10 34.6776 2.86 2   6   0 42.8323 1.25 
0   2   8 25.5418 0.95 3   1  10 34.7434 2.63 3   5   6 42.8707 1.11 
2   0   8 25.5782 1.03 5   1   2 34.8895 0.68 6   2   0 43.063 1.02 
0   3   6 25.8274 1.66 0   5   4 35.3327 0.89 2   2  14 43.2029 1.16 
Metazeunerite (Cu(UO2)2(AsO4)2.8H2O) indexed in the Pncc space group. 
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Cu(UO₂)₂(PO₄)₂ As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
Mineral water 0.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 
Citric acid 0.0 0.0 94.9 5.1 94.9 5.1 95.1 4.9 
NH₄HCO₃ 0.0 0.0 94.6 5.4 94.3 5.7 94.8 5.2 
KHCO₃ 0.0 0.0 95.3 4.7 93.6 6.4 93.3 6.7 
NaHCO₃ 0.0 0.0 96.9 3.1 83.3 16.7 72.7 27.3 
NaOH 0.0 0.0 94.6 5.4 35.6 64.4 99.4 0.6 
H₂SO₄ 0.0 0.0 39.2 60.8 39.8 60.2 46.5 53.5 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of Cu(UO2)2(PO4)2 for 
1 week in solutions of different pH. 
 
 
Cu(UO₂)₂(PO₄)₁.₅(AsO₄)₀.₅ As Cu P U 
%  
solid  
% 
sol'n 
% 
solid  
% 
sol'n 
% 
solid  
% 
sol'n 
% 
solid  
% 
sol'n 
Mineral water 99.5 0.5 100.0 0.0 100.0 0.0 99.9 0.1 
Citric acid 88.1 11.9 93.3 6.7 96.3 3.7 93.4 6.6 
NH₄HCO₃ 86.3 13.7 89.6 10.4 91.1 8.9 90.8 9.2 
KHCO₃ 72.0 28.0 85.9 14.1 80.4 19.6 80.2 19.8 
NaHCO₃ 59.0 41.0 95.3 4.7 72.5 27.5 60.4 39.6 
NaOH 21.5 78.5 100.0 0.0 23.9 76.1 99.3 0.7 
H₂SO₄ 65.3 34.7 71.4 28.6 77.9 22.1 75.8 24.2 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)1.5(AsO4)0.5 for 1 week in solutions of different pH. 
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Cu(UO₂)₂(PO₄)(AsO₄) As Cu P U 
% 
solid  
%  
sol'n 
% 
 solid  
% 
 sol'n 
%  
solid  
%  
sol'n 
%  
solid  
%  
sol'n 
Mineral water 99.7 0.3 100.0 0.0 99.9 0.1 99.7 0.3 
Citric acid 88.3 11.7 95.6 4.4 96.3 3.7 94.8 5.2 
NH₄HCO₃ 72.3 27.7 81.3 18.7 80.6 19.4 83.2 16.8 
KHCO₃ 81.1 18.9 90.5 9.5 87.3 12.7 83.3 16.7 
NaHCO₃ 59.5 40.5 91.1 8.9 72.1 27.9 52.8 47.2 
NaOH 18.7 81.3 99.9 0.1 30.6 69.4 99.5 0.5 
H₂SO₄ 46.3 53.7 52.9 47.1 63.8 36.2 57.6 42.4 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)(AsO4) for 1 week in solutions of different pH. 
 
 
Cu(UO₂)₂(PO₄)₀.₅(AsO₄)₁.₅ As Cu P U 
% 
solid  
% 
sol'n 
% 
solid  
% 
sol'n 
% 
solid  
% 
sol'n 
% 
solid  
% 
sol'n 
Mineral water 98.9 1.1 100.0 0.0 100.0 0.0 99.9 0.1 
Citric acid 84.6 15.4 85.9 14.1 92.6 7.4 87.6 12.4 
NH₄HCO₃ 77.4 22.6 47.2 52.8 86.4 13.6 77.5 22.5 
KHCO₃ 74.5 25.5 86.7 13.3 85.0 15.0 60.0 40.0 
NaHCO₃ 54.8 45.2 90.7 9.3 70.7 29.3 41.2 58.8 
NaOH 10.7 89.3 99.7 0.3 25.4 74.6 99.3 0.7 
H₂SO₄ 57.8 42.2 55.4 44.6 68.1 31.9 61.0 39.0 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)0.5(AsO4)1.5 for 1 week in solutions of different pH. 
 
Cu(UO₂)₂(AsO₄)₂ As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
Mineral water 96.8 3.2 99.6 0.4 0.0 0.0 97.0 3.0 
Citric acid 78.7 21.3 84.8 15.2 0.0 0.0 86.0 14.0 
NH₄HCO₃ 76.4 23.6 48.0 52.0 0.0 0.0 81.9 18.1 
KHCO₃ 76.9 23.1 92.0 8.0 0.0 0.0 54.9 45.1 
NaHCO₃ 57.2 42.8 95.5 4.5 0.0 0.0 66.3 33.7 
NaOH 6.7 93.3 99.6 0.4 0.0 0.0 99.3 0.7 
H₂SO₄ 59.7 40.3 61.3 38.7 0.0 0.0 66.1 33.9 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of Cu(UO2)2(AsO4)2 
for 1 week in solutions of different pH. 
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 Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in different concentrations of NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c).  
 
a 
b 
c 
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  Cu(UO2)2(PO4)(AsO4).8H2O in different concentrations of NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c). 
a 
b 
c 
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Cu(UO₂)₂(PO₄)₂ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0.1 M 0 0 99.16 0.84 99.30 0.70 99.36 0.64 
0.25 M 0 0 90.71 9.29 92.53 7.47 92.72 7.28 
0.5 M 0 0 94.57 5.43 94.25 5.75 94.75 5.25 
1 M  0 0 54.00 46.00 55.35 44.65 60.86 39.14 
KHCO₃ 
0.1 M 0 0 99.38 0.62 98.37 1.63 98.38 1.62 
0.25 M 0 0 95.35 4.65 90.60 9.40 89.90 10.10 
0.5 M 0 0 95.31 4.69 93.62 6.38 93.34 6.66 
1 M  0 0 55.65 44.35 46.59 53.41 53.43 46.57 
NaHCO₃ 
0.1 M 0 0 99.72 0.28 97.48 2.52 97.22 2.78 
0.25 M 0 0 99.01 0.99 87.76 12.24 82.55 17.45 
0.5 M 0 0 96.88 3.12 83.26 16.74 72.71 27.29 
1 M  0 0 87.41 12.59 23.27 76.73 15.02 84.98 
Percentage of elements in solid and solution after immersion of Cu(UO2)2(PO4)2.8H2O in bicarbonate solutions of 
different concentration. 
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Cu(UO₂)₂(PO₄)₁.₅(AsO4)₀.₅ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0.1 M 97.94 2.06 97.43 2.57 98.30 1.70 97.86 2.14 
0.25 M 94.28 5.72 92.68 7.32 94.52 5.48 94.50 5.50 
0.5 M 86.31 13.69 89.65 10.35 91.11 8.89 90.81 9.19 
1 M  46.62 53.38 46.02 53.98 45.72 54.28 52.73 47.27 
KHCO₃ 
0.1 M 96.52 3.48 99.35 0.65 96.89 3.11 94.96 5.04 
0.25 M 88.91 11.09 96.44 3.56 89.38 10.62 89.85 10.15 
0.5 M 72.02 27.98 85.92 14.08 80.38 19.62 80.19 19.81 
1 M  51.80 48.20 69.40 30.60 51.56 48.44 56.52 43.48 
NaHCO₃ 
0.1 M 91.87 8.13 99.39 0.61 92.40 7.60 88.52 11.48 
0.25 M 82.58 17.42 97.92 2.08 83.99 16.01 78.33 21.67 
0.5 M 58.98 41.02 95.28 4.72 72.53 27.47 60.36 39.64 
1 M  30.84 69.16 92.24 7.76 33.55 66.45 20.59 79.41 
 
Percentage of elements in solid and solution after immersion of Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O  in bicarbonate 
solutions of different concentrations. 
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Cu(UO₂)₂(PO₄)(AsO4) 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0.1 M 95.75 4.25 94.31 5.69 96.52 3.48 96.10 3.90 
0.25 M 91.67 8.33 89.48 10.52 93.35 6.65 93.35 6.65 
0.5 M 72.34 27.66 81.27 18.73 80.64 19.36 83.20 16.80 
1 M  52.23 47.77 51.49 48.51 53.54 46.46 58.14 41.86 
KHCO₃ 
0.1 M 91.96 8.04 98.90 1.10 93.52 6.48 90.76 9.24 
0.25 M 82.24 17.76 96.53 3.47 85.59 14.41 84.41 15.59 
0.5 M 81.13 18.87 90.48 9.52 87.26 12.74 83.30 16.70 
1 M  44.41 55.59 70.01 29.99 45.65 54.35 48.44 51.56 
NaHCO₃ 
0.1 M 89.16 10.84 99.22 0.78 90.57 9.43 87.32 12.68 
0.25 M 66.95 33.05 97.88 2.12 69.16 30.84 70.21 29.79 
0.5 M 59.47 40.53 91.13 8.87 72.09 27.91 52.83 47.17 
1 M  33.42 66.58 95.16 4.84 36.18 63.82 9.21 90.79 
 
Percentage of elements in solid and solution after immersion of Cu(UO2)2(PO4)(AsO4).8H2O  in bicarbonate 
solutions of different concentrations. 
  
284 
 
 
Cu(UO₂)₂(PO₄)₁.₅(AsO4)₀.₅ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0.1 M 97.48 2.52 85.72 14.28 98.31 1.69 98.23 1.77 
0.25 M 88.75 11.25 47.43 52.57 88.94 11.06 88.39 11.61 
0.5 M 77.41 22.59 39.18 60.82 86.40 13.60 77.54 22.46 
1 M  37.78 62.22 19.09 80.91 36.06 63.94 43.31 56.69 
KHCO₃ 
0.1 M 94.83 5.17 99.34 0.66 96.74 3.26 91.90 8.10 
0.25 M 90.90 9.10 97.59 2.41 91.40 8.60 82.35 17.65 
0.5 M 74.47 25.53 86.73 13.27 84.96 15.04 60.04 39.96 
1 M  41.56 58.44 72.40 27.60 29.38 70.62 26.11 73.89 
NaHCO₃ 
0.1 M 92.06 7.94 99.55 0.45 92.89 7.11 91.47 8.53 
0.25 M 81.27 18.73 99.07 0.93 82.05 17.95 80.85 19.15 
0.5 M 54.81 45.19 90.67 9.33 70.74 29.26 41.23 58.77 
1 M  31.38 68.62 93.69 6.31 32.97 67.03 4.72 95.28 
 
Percentage of elements in solid and solution after immersion of Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O  in bicarbonate 
solutions of different concentrations. 
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Cu(UO₂)₂(AsO₄)₂ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0.1 M 95.62 4.38 77.48 22.52 0 0 96.32 3.68 
0.25 M 83.93 16.07 55.56 44.44 0 0 85.06 14.94 
0.5 M 76.43 23.57 47.95 52.05 0 0 81.91 18.09 
1 M  22.39 77.61 11.05 88.95 0 0 25.39 74.61 
KHCO₃ 
0.1 M 91.88 8.12 82.43 17.57 0 0 85.01 14.99 
0.25 M 88.78 11.22 76.35 23.65 0 0 79.88 20.12 
0.5 M 76.92 23.08 92.05 7.95 0 0 54.88 45.12 
1 M  30.18 69.82 21.67 78.33 0 0 22.67 77.33 
NaHCO₃ 
0.1 M 86.47 13.53 99.14 0.86 0 0 82.94 17.06 
0.25 M 69.49 30.51 98.14 1.86 0 0 58.07 41.93 
0.5 M 57.25 42.75 95.45 4.55 0 0 33.66 66.34 
1 M  23.95 76.05 89.61 10.39 0 0 5.18 94.82 
 
Percentage of elements in solid and solution after immersion of Cu(UO2)2(AsO4)2.8H2O in bicarbonate solutions 
of different concentrations. 
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Appendix 4 to Chapter 6 
 
 
 
 
Metatorbernite in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) from 6 hours to 4 months. 
a 
b 
c 
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Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O  in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) from 6 hours to 4 months. 
a 
b 
c 
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Cu(UO2)2(PO4)(AsO4).8H2O  in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) from 6 hours to 4 months. 
a 
b 
c 
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Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O  in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) from 6 hours to 4 months. 
a 
b 
c 
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Metazeunerite in NaHCO3 (a), KHCO3 (b) and NH4HCO3 (c) from 6 hours to 4 months. 
  
b 
c 
a 
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Appendix 5 to Chapter 6 
h   k   l  2 Theta Intensity 
0   0   2 11.3867 37.76 
1   0   2 18.3391 29.05 
1   1   0 20.3465 62.32 
0   0   4 22.8639 13.59 
1   1   2 23.3223 16.64 
1   0   4 27.0283 16.76 
2   0   0 28.8854 100 
2   0   2 31.1019 37.22 
2   1   1 32.8475 5.88 
2   1   2 34.3918 12.93 
2   0   4 37.0933 4.93 
1   0   6 37.5944 3.76 
2   1   4 39.9545 5.34 
2   2   0 41.2661 15.02 
2   2   2 42.9064 11.79 
3   0   2 45.4619 5.97 
3   1   0 46.3925 12.38 
3   0   4 49.989 4.08 
3   2   2 54.7736 3.18 
3   2   4 58.756 3.15 
4   0   0 59.7347 5.33 
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Appendix 6 to Chapter 6 
h   k   l  2 Theta Intensity 
0  0  2 11.5158 93.44 
1  0  2 18.4881 69.49 
1  1  0 20.4049 88.68 
0  0  4 23.0564 48.74 
1  1  2 23.4944 48.38 
1  0  4 27.3172 42.35 
2  0  0 28.9773 100 
2  0  2 31.2606 51.65 
2  1  1 33.0114 20.78 
2  1  2 34.5374 27.82 
2  2  0 41.4134 17.71 
2  2  2 43.1162 16.79 
3  1  0 46.5536 16.28 
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Appendix 7 to Chapter 6 
Cu(UO₂)₂(PO₄)₂ 
As Cu P U 
% solid % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
6 hours 0 0 98.36 1.64 98.13 1.87 98.23 1.77 
24 hours 0 0 97.71 2.29 97.84 2.16 97.68 2.32 
1 week 0 0 94.57 5.43 94.25 5.75 94.75 5.25 
2 weeks 0 0 92.40 7.60 92.65 7.35 92.55 7.45 
1 month 0 0 86.40 13.60 86.64 13.36 87.23 12.77 
2 months 0 0 82.65 17.35 82.87 17.13 82.82 17.18 
4 months 0 0 72.96 27.04 74.89 25.11 72.94 27.06 
KHCO₃ 
6 hours 0 0 99.15 0.85 98.80 1.20 98.82 1.18 
24 hours 0 0 96.76 3.24 95.84 4.16 95.81 4.19 
1 week 0 0 95.31 4.69 93.62 6.38 93.34 6.66 
2 weeks 0 0 92.37 7.63 88.13 11.87 87.26 12.74 
1 month 0 0 92.05 7.95 85.35 14.65 84.28 15.72 
2 months 0 0 96.08 3.92 71.10 28.90 67.03 32.97 
4 months 0 0 94.37 5.63 57.94 42.06 34.84 65.16 
NaHCO₃ 
6 hours 0 0 98.21 1.79 97.61 2.39 97.37 2.63 
24 hours 0 0 97.76 2.24 96.25 3.75 94.43 5.57 
1 week 0 0 96.88 3.12 83.26 16.74 72.71 27.29 
2 weeks 0 0 98.09 1.91 78.12 21.88 64.21 35.79 
1 month 0 0 98.32 1.68 74.10 25.90 56.57 43.43 
2 months 0 0 98.13 1.87 61.89 38.11 43.83 56.17 
4 months 0 0 97.97 2.03 56.94 43.06 36.10 63.90 
ICP-OES results showing the percentage of elements in solid and solution after immersion of metatorbernite 
(Cu(UO2)2(PO4)2.8H2O) in bicarbonate solutions over time. 
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Cu(UO₂)₂(PO₄)₁.₅(AsO4)₀.₅ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
6 hours 96.82 3.18 97.48 2.52 97.92 2.08 97.62 2.38 
24 hours 93.11 6.89 94.33 5.67 95.48 4.52 94.85 5.15 
1 week 86.31 13.69 89.65 10.35 91.11 8.89 90.81 9.19 
2 weeks 74.47 25.53 78.46 21.54 82.98 17.02 81.25 18.75 
1 month 73.18 26.82 76.87 23.13 82.14 17.86 79.50 20.50 
2 months 66.93 33.07 72.87 27.13 78.31 21.69 75.22 24.78 
4 months 57.35 42.65 70.29 29.71 70.57 29.43 72.59 27.41 
KHCO₃ 
6 hours 90.04 9.96 95.23 4.77 98.80 1.20 93.46 6.54 
24 hours 82.82 17.18 93.78 6.22 95.84 4.16 86.00 14.00 
1 week 72.02 27.98 85.92 14.08 93.62 6.38 80.19 19.81 
2 weeks 64.36 35.64 84.38 15.62 88.13 11.87 69.77 30.23 
1 month 48.52 51.48 86.12 13.88 85.35 14.65 55.73 44.27 
2 months 46.81 53.19 92.41 7.59 71.10 28.90 53.15 46.85 
4 months 28.38 71.62 89.13 10.87 57.94 42.06 38.58 61.42 
NaHCO₃ 
6 hours 93.60 6.40 96.85 3.15 95.84 4.16 96.40 3.60 
24 hours 87.37 12.63 92.74 7.26 91.85 8.15 92.34 7.66 
1 week 58.98 41.02 95.28 4.72 72.53 27.47 60.36 39.64 
2 weeks 62.65 37.35 98.32 1.68 76.85 23.15 54.29 45.71 
1 month 31.09 68.91 96.22 3.78 46.98 53.02 29.83 70.17 
2 months 28.33 71.67 95.90 4.10 44.81 55.19 22.57 77.43 
4 months 27.03 72.97 96.29 3.71 44.18 55.82 16.19 83.81 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O  in bicarbonate solutions over time. 
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u(UO₂)₂(PO₄)(AsO4) 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
6 hours 92.48 7.52 92.87 7.13 94.81 5.19 93.49 6.51 
24 hours 93.09 6.91 94.33 5.67 95.39 4.61 94.98 5.02 
1 week 72.34 27.66 81.27 18.73 80.64 19.36 83.20 16.80 
2 weeks 68.02 31.98 73.30 26.70 78.27 21.73 76.38 23.62 
1 month 59.13 40.87 62.01 37.99 70.81 29.19 65.56 34.44 
2 months 61.72 38.28 64.31 35.69 74.96 25.04 69.77 30.23 
4 months 53.36 46.64 59.21 40.79 64.47 35.53 63.55 36.45 
KHCO₃ 
6 hours 93.77 6.23 97.08 2.92 96.08 3.92 96.54 3.46 
24 hours 91.78 8.22 95.23 4.77 94.79 5.21 94.15 5.85 
1 week 81.13 18.87 90.48 9.52 87.26 12.74 83.30 16.70 
2 weeks 55.40 44.60 83.38 16.62 66.77 33.23 60.23 39.77 
1 month 49.05 50.95 81.85 18.15 60.83 39.17 54.57 45.43 
2 months 43.98 56.02 91.03 8.97 56.41 43.59 44.38 55.62 
4 months 25.93 74.07 90.69 9.31 38.94 61.06 37.35 62.65 
NaHCO₃ 
6 hours 87.49 12.51 93.05 6.95 93.07 6.93 93.15 6.85 
24 hours 82.42 17.58 92.89 7.11 89.53 10.47 86.58 13.42 
1 week 59.47 40.53 91.13 8.87 72.09 27.91 52.83 47.17 
2 weeks 52.92 47.08 97.00 3.00 67.10 32.90 39.30 60.70 
1 month 44.68 55.32 97.14 2.86 59.88 40.12 32.52 67.48 
2 months 37.27 62.73 96.76 3.24 53.06 46.94 20.62 79.38 
4 months 26.15 73.85 95.76 4.24 41.06 58.94 11.48 88.52 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)(AsO4).8H2O in bicarbonate solutions over time. 
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Cu(UO₂)₂(PO₄)₀.₅(AsO4)₁.₅ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
6 hours 84.57 15.43 73.17 26.83 90.33 9.67 84.79 15.21 
24 hours 87.27 12.73 56.48 43.52 92.17 7.83 85.32 14.68 
1 week 77.41 22.59 39.18 60.82 86.40 13.60 77.54 22.46 
2 weeks 63.80 36.20 26.34 73.66 78.19 21.81 60.87 39.13 
1 month 57.37 42.63 26.30 73.70 73.51 26.49 57.39 42.61 
2 months 43.18 56.82 18.99 81.01 61.90 38.10 45.81 54.19 
4 months 17.28 82.72 6.26 93.74 31.17 68.83 19.33 80.67 
KHCO₃ 
6 hours 94.50 5.50 95.52 4.48 96.58 3.42 91.97 8.03 
24 hours 87.02 12.98 90.16 9.84 92.69 7.31 82.05 17.95 
1 week 74.47 25.53 86.73 13.27 84.96 15.04 60.04 39.96 
2 weeks 65.29 34.71 88.95 11.05 79.35 20.65 51.46 48.54 
1 month 63.36 36.64 93.50 6.50 77.79 22.21 52.17 47.83 
2 months 36.58 63.42 89.45 10.55 52.62 47.38 28.60 71.40 
4 months 31.00 69.00 92.14 7.86 45.34 54.66 22.30 77.70 
NaHCO₃ 
6 hours 87.32 12.68 96.31 3.69 92.74 7.26 87.52 12.48 
24 hours 73.83 26.17 90.22 9.78 84.38 15.62 69.09 30.91 
1 week 54.81 45.19 90.67 9.33 70.74 29.26 41.23 58.77 
2 weeks 46.10 53.90 95.41 4.59 64.87 35.13 27.36 72.64 
1 month 32.43 67.57 96.02 3.98 50.97 49.03 17.41 82.59 
2 months 17.85 82.15 92.66 7.34 34.96 65.04 8.73 91.27 
4 months 20.92 79.08 96.64 3.36 39.41 60.59 5.39 94.61 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O  in bicarbonate solutions over time. 
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Cu(UO₂)₂(AsO₄)₂ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
6 hours 75.55 24.45 65.09 34.91 0 0 82.24 17.76 
24 hours 75.73 24.27 58.25 41.75 0 0 82.63 17.37 
1 week 76.43 23.57 47.95 52.05 0 0 81.91 18.09 
2 weeks 66.64 33.36 32.74 67.26 0 0 74.59 25.41 
1 month 60.27 39.73 18.65 81.35 0 0 58.40 41.60 
2 months 57.74 42.26 23.28 76.72 0 0 65.53 34.47 
4 months 3.24 96.76 1.26 98.74 0 0 4.13 95.87 
KHCO₃ 
6 hours 92.54 7.46 96.54 3.46 0 0 91.13 8.87 
24 hours 82.80 17.20 88.26 11.74 0 0 71.08 28.92 
1 week 76.92 23.08 92.05 7.95 0 0 54.88 45.12 
2 weeks 45.40 54.60 83.48 16.52 0 0 22.18 77.82 
1 month 39.53 60.47 85.05 14.95 0 0 20.89 79.11 
2 months 40.78 59.22 94.67 5.33 0 0 24.55 75.45 
4 months 0.10 99.90 91.67 8.33 0 0 19.22 80.78 
NaHCO₃ 
6 hours 86.93 13.07 96.65 3.35 0 0 91.40 8.60 
24 hours 81.91 18.09 96.31 3.69 0 0 86.53 13.47 
1 week 57.25 42.75 95.45 4.55 0 0 33.66 66.34 
2 weeks 17.21 82.79 90.55 9.45 0 0 19.16 80.84 
1 month 39.53 60.47 95.81 4.19 0 0 38.91 61.09 
2 months 21.57 78.43 96.23 3.77 0 0 5.99 94.01 
4 months 2.94 97.06 80.49 19.51 0 0 2.43 97.57 
ICP-OES results showing the percentage of elements in solid and solution after immersion of metazeunerite 
(Cu(UO2)2(AsO4)2.8H2O)  in bicarbonate solutions over time. 
298 
 
Appendix 8 to Chapter 6 
 
h   k   l 2 Theta Intensity 
0   0   2 11.927 68.45 
1   0   2 18.7522 59.7 
1   1   0 20.4496 87.04 
1   1   2 23.7013 43.03 
1   0   4 27.9937 34.15 
2   0   0 29.0216 100 
2   0   2 31.4534 46.26 
2   1   2 34.7329 21.7 
2   1   4 40.6966 10.47 
2   2   0 41.4334 20.34 
2   2   2 43.2773 14.25 
3   0   2 45.8334 11.74 
3   1   0 46.6186 14.6 
3   1   2 48.3022 7.83 
3   0   4 50.7313 7.02 
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Appendix 9 to Chapter 6 
 
h   k   l 2 Theta Intensity 
0   0   2 11.5485 48.57 
1   0   2 18.7135 36.06 
1   1   0 20.8249 100 
1   1   2 23.8396 30.08 
1   0   4 27.5692 25.14 
2   0   0 29.5664 83.37 
2   0   2 31.8081 35.76 
2   1   2 35.1855 15.7 
2   1   4 40.8167 7.52 
2   2   0 42.2643 13.17 
2   2   2 43.9281 9.53 
3   0   2 46.5502 6.8 
3   1   0 47.5164 18.56 
3   1   2 49.0477 9.32 
3   0   4 51.117 6.92 
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Appendix 10 to Chapter 6 
 
h   k   l 2 Theta Intensity 
0   0   2 11.6942 17.58 
1   0   2 18.8671 17.14 
1   1   0 20.9523 100 
1   1   2 24.0264 17.26 
1   0   4 27.7939 10.95 
2   0   0 29.7561 98.85 
2   0   2 32.0418 24.64 
2   1   1 33.8791 4.86 
2   1   2 35.4294 12.92 
2   1   4 41.1244 3.51 
2   2   0 42.5378 17.37 
2   2   2 44.2442 9.15 
3   0   2 46.8852 4.84 
3   1   0 47.8428 27.58 
3   1   2 49.4105 8.07 
3   0   4 51.5399 3.32 
3   2   2 56.4762 3.62 
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Appendix 11 to Chapter 6 
Cu(UO₂)₂(PO₄)₂ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0⁰C 0 0 96.37 3.63 95.45 4.55 96.03 3.97 
25⁰C 0 0 94.57 5.43 94.25 5.75 94.75 5.25 
50⁰C 0 0 53.59 46.41 91.83 8.17 91.51 8.49 
80⁰C 0 0 44.42 55.58 90.95 9.05 66.91 33.09 
KHCO₃ 
0⁰C 0 0 95.19 4.81 93.32 6.68 96.05 3.95 
25⁰C 0 0 95.31 4.69 93.62 6.38 93.34 6.66 
50⁰C 0 0 96.20 3.80 80.92 19.08 76.98 23.02 
80⁰C 0 0 97.29 2.71 15.52 84.48 34.97 65.03 
NaHCO₃ 
0⁰C 0 0 92.41 7.59 88.06 11.94 88.96 11.04 
25⁰C 0 0 96.88 3.12 83.26 16.74 72.71 27.29 
50⁰C 0 0 97.03 2.97 64.98 35.02 46.45 53.55 
80⁰C 0 0 89.73 10.27 12.74 87.26 0.97 99.03 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)2.8H2O in bicarbonate solutions at different temperatures. 
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Cu(UO₂)₂(PO₄)₁.₅(AsO4)₀.₅ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0⁰C 95.97 4.03 97.04 2.96 97.12 2.88 97.08 2.92 
25⁰C 86.31 13.69 89.65 10.35 91.11 8.89 90.81 9.19 
50⁰C 75.59 24.41 60.00 40.00 61.19 38.81 71.46 28.54 
80⁰C 94.45 5.55 67.61 32.39 96.72 3.28 96.49 3.51 
KHCO₃ 
0⁰C 91.77 8.23 94.55 5.45 93.40 6.60 93.99 6.01 
25⁰C 72.02 27.98 85.92 14.08 80.38 19.62 80.19 19.81 
50⁰C 32.36 67.64 89.43 10.57 57.06 42.94 49.32 50.68 
80⁰C 13.43 86.57 91.69 8.31 14.72 85.28 10.88 89.12 
NaHCO₃ 
0⁰C 79.42 20.58 91.18 8.82 83.06 16.94 82.64 17.36 
25⁰C 58.98 41.02 95.28 4.72 72.53 27.47 60.36 39.64 
50⁰C 49.40 50.60 95.18 4.82 55.50 44.50 31.20 68.80 
80⁰C 7.48 92.52 91.43 8.57 9.13 90.87 0.97 99.03 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)1.5(AsO4)0.5.8H2O in bicarbonate solutions at different temperatures. 
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Cu(UO₂)₂(PO₄)(AsO4) 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0⁰C 90.59 9.41 93.39 6.61 93.27 6.73 93.38 6.62 
25⁰C 72.34 27.66 81.27 18.73 80.64 19.36 83.20 16.80 
50⁰C 77.91 22.09 80.40 19.60 90.70 9.30 87.23 12.77 
80⁰C 92.86 7.14 62.53 37.47 94.64 5.36 96.03 3.97 
KHCO₃ 
0⁰C 86.01 13.99 91.69 8.31 88.18 11.82 89.16 10.84 
25⁰C 81.13 18.87 90.48 9.52 87.26 12.74 83.30 16.70 
50⁰C 30.28 69.72 88.42 11.58 32.80 67.20 28.45 71.55 
80⁰C 2.78 97.22 84.11 15.89 2.99 97.01 1.32 98.68 
NaHCO₃ 
0⁰C 77.48 22.52 91.50 8.50 80.22 19.78 78.64 21.36 
25⁰C 59.47 40.53 91.13 8.87 72.09 27.91 52.83 47.17 
50⁰C 46.49 53.51 95.86 4.14 50.79 49.21 23.96 76.04 
80⁰C 2.33 97.67 83.86 16.14 10.08 89.92 1.01 98.99 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)(AsO4).8H2O in bicarbonate solutions at different temperatures. 
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Cu(UO₂)₂(PO₄)₁.₅(AsO4)₀.₅ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0⁰C 93.72 6.28 94.71 5.29 94.29 5.71 94.93 5.07 
25⁰C 77.41 22.59 39.18 60.82 86.40 13.60 77.54 22.46 
50⁰C 76.01 23.99 45.89 54.11 77.38 22.62 79.17 20.83 
80⁰C 1.53 98.47 83.72 16.28 97.96 2.04 98.93 1.07 
KHCO₃ 
0⁰C 57.21 42.79 81.15 18.85 92.72 7.28 59.38 40.62 
25⁰C 74.47 25.53 86.73 13.27 84.96 15.04 60.04 39.96 
50⁰C 24.21 75.79 88.05 11.95 25.57 74.43 20.86 79.14 
80⁰C 2.43 97.57 79.21 20.79 2.83 97.17 1.03 98.97 
NaHCO₃ 
0⁰C 80.20 19.80 86.33 13.67 80.83 19.17 78.48 21.52 
25⁰C 54.81 45.19 90.67 9.33 70.74 29.26 41.23 58.77 
50⁰C 19.30 80.70 93.08 6.92 21.92 78.08 5.30 94.70 
80⁰C 3.60 96.40 86.70 13.30 4.14 95.86 1.08 98.92 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(PO4)0.5(AsO4)1.5.8H2O in bicarbonate solutions at different temperatures. 
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Cu(UO₂)₂(AsO₄)₂ 
As Cu P U 
% solid  % sol'n % solid  % sol'n % solid  % sol'n % solid  % sol'n 
NH₄HCO₃ 
0⁰C 81.83 18.17 67.92 32.08 0 0 85.40 14.60 
25⁰C 76.43 23.57 47.95 52.05 0 0 81.91 18.09 
50⁰C 61.34 38.66 17.67 82.33 0 0 55.52 44.48 
80⁰C 6.00 94.00 78.99 21.01 0 0 96.10 3.90 
KHCO₃ 
0⁰C 80.19 19.81 95.52 4.48 0 0 78.89 21.11 
25⁰C 76.92 23.08 92.05 7.95 0 0 54.88 45.12 
50⁰C 42.60 57.40 93.43 6.57 0 0 30.30 69.70 
80⁰C 0.90 99.10 53.67 46.33 0 0 0.71 99.29 
NaHCO₃ 
0⁰C 79.39 20.61 95.55 4.45 0 0 74.65 25.35 
25⁰C 57.25 42.75 95.45 4.55 0 0 33.66 66.34 
50⁰C 20.12 79.88 89.22 10.78 0 0 7.02 92.98 
80⁰C 3.14 96.86 83.18 16.82 0 0 0.98 99.02 
 
ICP-OES results showing the percentage of elements in solid and solution after immersion of 
Cu(UO2)2(AsO4)2.8H2O in bicarbonate solutions at different temperatures. 
 
 
